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Abstract 
The highly ordered TiO2 nanotube arrays have demonstrated remarkable properties 
that include solar cells, hydrogen sensors, drug eluting surfaces, hydrogen generation, and 
water purification along with numerous other applications. Built upon a suitable 
fabrication approach that enable significant differences in reproducibility as well as the 
large scale production with low cost plus investigation of  the effective way to increase its 
visible light response so that create environmental friendly alternative energy sources 
were the motivations of this work, Since the field has grown so rapidly as to make it 
difficult to summarize the scope of all related work, some key aspects on this field have 
been discussed and then mainly focus on the work that has been done during my Ph.D 
study.  This Ph.D work focuses on the most challenging issues: 1) improves the tune 
quality of highly ordered TiO2 nanotubes by reproducible manner as well as reduces the 
cost of fabrication. 2) Investigates the different methods of modification in order to 
increase photo response of the materials in visible light region. 3) Explore the surface 
superhydrophobic property of fluorinated TiO2 nanotubes layer.  Following progresses 
have been made towards the target. 
An innovative technique of sonication assisted fabrication of highly ordered TiO2 
nanotubes in reproducible manner was proposed and the expensive platinum cathode was 
replaced by titanium by which the fabrication cost was reduced.  
A one-step method for the fabrication of Fe–C–N-codoped TiO2 nanotubes by 
electrochemical anodization is reported. A maximum photocurrent efficiency of 2.7% was 
achieved. 
 iv 
Highly ordered nitrogen-doped titanium dioxide (N-doped TiO2) nanotube array 
films with enhanced photo conversion efficiency were reported and the conditions were 
optimized. The optimized experiment resulted in 7.42% PCE which was within 95% 
confidence interval of the predicted value by the model.  
The structural and photo catalytic properties of Pt/ZIF-8 loaded TiO2 nanotubes 
(TiO2 NTs) are investigated and compared to Pt/TiO2 NTs. The Pt/ZIF-8 loaded TiO2 
NTs has shown 18.6% oxidation towards phenol in 2 hours under visible light.  
Finally, a simple process of tailoring the surface wettability of TiO2 nanotube array 
surface was proposed by which any desirable degree of hydrophobicity between 100o to 
170o can be achieved. 
Key words:  Highly ordered TiO2 nanotubes, Anodization, Annealing, Ti cathode, 
Photoelectrochemical water splitting efficiency for hydrogen generation, Doping, 
Loading, photodegradation efficiency, superhydrophobic surface, self-assembly. 
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1.1 Objective of the Chapter 
Titanium oxide nanotubes (TiO2 NTs) present and potential value to applications 
such as self cleaning 1, solar cells2, water splitting3, and wastewater treatment4 are largely 
due to its photocatalytic effect. Since TiO2 is only active as a photocatalyst in near-UV 
light, much research was focused on modifying TiO2 nanotubes to enhance their 
photocatalytic efficiency in the visible light spectrum. By doping 5 or sensitization with 
various dyes6, much recent progress has been made, modifying properties to accomplish 
this. However, fabrication of highly ordered, reproducible and cost effective TiO2 
nanotubes is always a challenge in this field. Furthermore, the doping and coating 
techniques also need to be improved. 
This chapter provides a comprehensive overview of the research on fabrication and 
application of titanium dioxide nanotubes (TiO2 NTs). The challenges in this area are 
discussed along with most significant achievements of this work including the application. 
The final part of the chapter describes the objectives and the structure of this thesis work. 
1.2 Fabrication Methods of TiO2 NTs 
The polished Ti foil was anodized in an electrolyte solution in a well-insulated bath 
for certain time at certain voltage using a DC power supply. The anodization current was 
monitored with a computer. After the anodization step, the sample was washed with 
distilled water and acetone and then dried with pressure air. Anatase TiO2 nanotubes were 
made by annealing the as-anodized samples at 550oC for 3hours under air atmosphere7. 
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The electrochemical anodization experiments were performed in a conventional 
two-electrode cell (Figure 1-1). A platinum foil (10mm×20mm) was used as a counter 
electrode and a titanium sheet served as a working electrode. The Ti sheet was pressed 
between a set of O-rings in the sample holder. The Pt wire was located on the back side of 
the sample as the electrical contact, and then fixed in the electrochemical cell with an 
active anode area exposed to the electrolyte. During the process, the anode and cathode 
were positioned adjacent to one another by a predetermined separation distance. All 
anodization experiments were performed potentiostatically, under constant applied 
voltage, at room temperature. The electrochemical anodization was carried out by using a 
source meter interfaced to a computer 8. 
 
Figure 1-1: Two-electrode electrochemical cell in which the Ti samples are anodize 
1.3 Challenges 
Since the first report of the highly ordered TiO2 nanotube arrays by Gong et al.9 The 
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field has grown very rapidly due to the better charge transfer ability and larger accessible 
surface area compare to the TiO2 nanoparticles. As discussed above, despite the potential 
for expanded application of TiO2 NTs, major problems remaining in this area are: 
1) Although nanotubes with lengths of up to several hundreds of micrometers have 
been reported 10 due to the delicate balance between growing, etching and dissolving rates 
of nanotubes, it is very difficult to control the morphology of the nanotubes and 
reproduce them in the same fashion.  
2) It is well-known that platinum is a precious metal and is scarcely available and 
platinum foil is used as a counter electrode in the anodization process. It creates a 
limitation on large scale production as well as the applications. 
3) TiO2 has a large band gap (3.2eV) and it is only active as photo-catalysis under 
UV light; however, doping different elements into the TiO2 crystal lattice will change the 
band gap and active the crystal lattice under visible light. In general, most of doping 
process requires very harsh conditions, such as high temperature, high pressure, and 
expensive equipment that results in an overall costly process. Although dye sensitization 
offers the advantages of lower cost and convenience in process over doping, the 
temperature sensitivity, poor adhesion at low temperature and easy to be oxidized 
properties limit its usefulness.   
1.4 Research Objectives 
Aiming at the major concerns in the area of TiO2 nanotubes, the general objectives 
of this thesis are: 
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• to develop effective fabrication methods in such a way that the fabricated TiO2 
nanotubes are not only reproducible but also highly ordered. 
• to investigate alternative replacement for the Pt cathode   
• to investigate and develop efficient doping process for activating TiO2 nanotubes 
under visible light. 
Specific objectives are addressed as follows: 
• Develop a sonication-assisted fabrication process and understand the mechanism.   
• Replace Pt with Ti and fabricate TiO2 nanotubes. 
• Optimize nitrogen doping process of TiO2 nanotubes while maintaining the 
tubular structure.  
• Investigate photo-degradation property of ZIF-8 coated TiO2 nano-composite. 
• Investigate wettability of TiO2 nanotubes by changing the surface morphology  
1.5 Approach and Methodology 
In order to achieve the above general and specific objectives, the following 
approaches were implemented in the thesis. 
· Highly ordered TiO2 nanotubes will be fabricated by a comprehensive method, 
including establishment of sonication assisted process and changing the cathode to 
titanium plus characterization of by SEM, UV-vis and XRD pattern.  
· Design of Experiment (DOE) study will be used to determine the relationship 
between temperature, heating rate and annealing time affect on photo conversion 
efficiency (PCE). The PCE is also called as photoelectrochemical water splitting 
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efficiency during the process of Nitrogen doping. The N-doped TiO2 nanotubes will be 
characterized by SEM, UV-vis and XPS  
· Photocatalytic property of ZIF-8 loaded TiO2 nanotubes will be investigated by 
growing ZIF-8 crystals using TiO2 nanotubes as templates.  
· Superhydrophobic surface property of TiO2 nanotubes layers will be investigated 
by functionalizing surface with fluorine compounds and the surface roughness can be 
altered by changing the anodization time. The surface will be characterized by contact 
angle measurement and atomic force microscopy (AFM).  
1.6 Thesis Organization  
The thesis is written in an article-integrated format as specified by the School of 
Postgraduate Studies at the University of Western Ontario. 
In this thesis, we have investigated issues from fabrication to activation and then 
applications of highly ordered TiO2 nanotubes. This thesis consists of three sections. 
1) Section 1 on fabrication has two chapters. Chapter 1 describes an innovative route 
that demonstrates fabrication of reproducible highly-ordered TiO2 nanostructures. This 
technique can be extended to fabricate reproducible well-ordered TiO2 nanotubes of a 
large area on other metals. Chapter 2 describes the electrochemical fabrication of TiO2 
nanotube arrays with high photoconversion efficiency by using Ti as a cathode which 
shows promising results to replace the conventionally used and comparatively expensive 
Pt cathode. 
 2) Section 2 on the activation of TiO2 nanotubes contains chapters 3 through 5. 
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Chapter 3 describes an efficient and one-step method for the fabrication of 
Fe–C–N-codoped TiO2 nanotubes. The SEM results showed that the average tube 
diameter, wall thickness and tube length are 70 nm, 20 nm and 2.4 μm respectively. The 
doped TiO2 nanotubes exhibited the maximum photocurrent efficiency of 2.7%. Chapter 
4 deals with optimization of the N2 doping process by which the maximum 
photoconversion efficiency of 7.4% was obtained. This is comparable with the DOE 
(Design of Experiment) result of 7.2%. This work has potential application in 
photocatalytic water purification. Chapter 5 describes the newer photocatalyst Pt/ZIF-8 
(zeolitic imidazolate framework) loaded TiO2 nanotubes. The resulting composite 
exhibits 18.6% of phenol oxidation under visible light within 2 hours. These types of 
materials have the potential of serving as an effective photocatalyst for water purification. 
 3) The third and final section on application contains chapter 6 in which a facile 
electrochemical oxidation process has been applied to make TiO2 nanotube-based 
superhydrophobic surfaces. The wettability can be altered by simply changing the 
anodization time. The results provide new insights into how to vary the wettability of 
superhydrophobic surfaces. These types of materials may have potential applications in 
coating and gene delivery. The outline of the research in thesis is shown in Scheme 1-1. 
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Scheme 1-1: Outline of the research in thesis 
1.7 Major Contributions 
1) Highly ordered TiO2 nanotubes were fabricated in a reproducible manner and the 
expensive Pt metal was replaced with Ti foil. The results in this work suggest the 
following important implications:   
· It is extremely difficult to fabricate highly ordered and uniformly covered TiO2 
nanotubes just by one step anodization because the tubes are easily bundled together if 
the anodization time was not controlled precisely. Due to the different surface roughness 
of samples before anodization, reproducing the same result in nano-level is almost 
impossible.  
· Not all metals can be used as a replacement for Pt due to the cathode stability 
during the anodization.  
Significance: These studies are important to overcome bundling problem which 
occurs quite often during the fabrication of TiO2 nanotubes as well as the big step 
towards large scale production of inexpensive, reproducible and highly ordered TiO2 
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nanotubes.    
2) A Fe-C-N codoped TiO2 nanotube array was prepared by a simple solution 
doping method. The photo conversion efficiency (PCE) of N-doped TiO2 nanotubes was 
also optimized in order to obtain the best photo response and the photocatalytic property 
of Pt/ZIF-8/TiO2 nanotubes composite was investigated as well. The specific findings are 
listed below:  
· An optimized result of PCE (7.4%) was obtained under visible light by changing 
some parameters such as temperature, heading rate and annealing time under N2 
atmosphere.  
· Fe-C-N was codoped into the TiO2 nanotube lattice through the solution doping 
process which decreased the band gap of TiO2. 
· Highly visible light responsive Pt/ZIF-8/TiO2 nano-composite was fabricated 
and 18% of phenol degradation under visible light was obtained. This result implicates 
that visible light responsive TiO2 based photocatalysts can be achieved by incorporating 
highly porous materials within the TiO2 nanotubes.     
Significance: The modification results found in the present work provide evidence 
for activation of highly ordered TiO2 nanotubes by simple and inexpensive processes. The 
conditions that were applied to obtain the optimized result from DOE also can be used as 
the standard conditions to achieve higher PCE.    
3) As prepared, TiO2 nanotubes layer shows a superhydrophilic wetting behavior 
which has 0o contact angle. The layer becomes superhydrophobic after modifying with 
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1H,1H,2H,2H-perfluorooctyltriethoxysilane (PTES). We demonstrated how to change the 
surface characteristics of the TiO2 nanotube layers in order to achieve any desirable 
degree of hydrophobicity from hydrophilic to superhydrophobic.  
• Surface wettability can be altered by changing the surface roughness followed by 
modification with low surface energy fluorine compounds. 
Significance:  This research on TiO2 nanotubes based superhydrophobic material 
might eventually lead to industrial applications due to the following advantages. First of 
all, it has self cleaning property. In addition, it is corrosion resistance. Furthermore, the 
TiO2 nanotube layer will not come off easily.  
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1.1 Introduction 
In recent years, growing attention has been paid to the design and fabrication of 
fine-structured metal oxides on the nanoscale and microscale because of their uniquely 
promising properties and applications. Among the structured metal oxides, TiO2 in 
particular has been extensively studied and put to use in microporous membranes, 
dye-sensitized solar cells, humidity chemical sensors, water-splitting electronic devices, 
and hydrogen storage and sensing solutions among others1. Its role as an 
environmentally-friendly photocatalyst has also seen wide application to environmental 
problems such as treatment of wastewater and purification of polluted aqueous systems 2. 
Titanium oxide’s photocatalytic role could be expanded even more broadly if it were not 
so limited by its large bandgap (Eg = 3.2 eV) which requires near-UV light (λ shorter than 
380 nm) to activate. In order to prepare the nanostructure and microstructures of TiO2, 
various approaches have been reported such as the sol-gel process3, pyrolysis4, electron 
beam evaporation5, chemical vapor deposition6, atomic-layer deposition7, and the 
hydrothermal process8. Of these, methods involving application of TiO2 powder to 
aqueous solutions create the problem of suspensions that are very difficult and costly to 
separate out by filtration. By contrast, a solid array of TiO2 nanotubes grown directly on 
titanium plates offers the possibility of a more robust and economical solution by not only 
eliminating the above problem, but even being reusable after photocatalytic reactions. 
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2.2 Fabrication of highly ordered TiO2 nanotubes 
Many applications of TiO2 nanotube arrays strongly demand smooth topography and 
orderly arrangement, e.g., dye sensitized solar cells (DSSCs) and hydrogen storage. In 
this regard, a lot of work has been done on improving the morphology of the TiO2 
nanotube arrays. Among them the two-step anodization of a Ti foil is the most convenient 
and economical method. Normally, after first time anodizing, Ti usually gives rise to 
TiO2 nanotube arrays with rough top surfaces and poor alignment. However, a 
well-textured Ti surface was obtained after the removal of the nanotube layer generated in 
the first-step anodization. Then, the Ti foil that had experienced this pre-treatment was 
anodized again for the eventual growth of highly ordered TiO2 nanotubes. The first 
anodized surface can be removed either by ultrasonic sonication 9 (Figure 2-1) or using an 
adhesion tape 10 (Figure 2-2).  
 
15 
 
Figure 2-1: Results of the first-step anodization: (a) the SEM image of the Ti surface 
outside the anodization region (inset is the EDX); (b) the Ti surface after the removal of the 
nanotube layer (inset is the EDX); (c) the SEM image of the nanotube layer generated in the 
first-step anodization (inset was obtained when the sample was titled by 45° from the 
incident electron beam); (d) the bottom side of the nanotube layer that shed from the Ti foil; 
(e) the Ti foil surface exposed after the ultrasonic removal of a nanotube layer fabricated 
with an insufficiently aged electrolyte9. Reprinted from Li, S.; Zhang, G.; Guo, D.; Yu, L.; 
Zhang, W. Journal of Physical Chemistry C 2009, 113, 12759-12765. Copyright (2009) 
with permission from American Chemical Society. 
 
Figure 2-2: Schematic for self-organized regular arrays of anodic TiO2 nanotubes10. 
Reprinted from Yeonmi, S.; Seonghoon, L. Nano Letters 2008, 8, 3171-3173. Copyright 
(2008) with permission from American Chemical Society. 
 
Although using sonication is relatively better than using adhesion tape in order to 
avoid possible left over residue on the surface, it is not always easy to completely remove 
the TiO2 nanotube layer which was fabricated by the first anodization step. For this 
reason, the second fabrication step becomes difficult.  
2.3 Modification of highly ordered TiO2 nanotubes 
It is of great significance to prepare and develop unique TiO2 nanotubes which can 
work efficiently even under broad-spectrum visible light irradiation while having a high 
mechanical and physical stability. By either doping or sensitization, it is possible to 
improve the optical sensitivity and activity of TiO2 nanotubes in the visible light 
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spectrum. 
2.3.1 Doping 
 
The underlying electronic structure determines the optical response of materials, 
which are closely related to its chemical composition (chemical nature of the bonds 
between the atoms or ions), its atomic arrangement, and its physical dimension 
(confinement of carriers) for nanometer-sized materials. The chemical composition of 
TiO2 can be altered by doping. Specifically, the metal (titanium) or the nonmetal (oxygen) 
component can be replaced in order to alter the material’s optical properties. It is 
desirable to maintain the integrity of the crystal structure of the photocatalytic host 
material and to produce favorable changes in electronic structure. Small amount of a 
dopant usually improves the catalytic activity and visible light sensitivity by changing the 
band gap between conduction band (CB) and valance (VB) band of TiO2, however the 
visible light sensitivity of the doped semiconductors appear to be a complex function of the 
dopant concentration, the energy level of the dopants, their oxidation states and the type of 
defects created in the host lattice. For example 1, Photoexcitation for V-, Cr-, Mn-, and 
Fe-doped TiO2 occurred via the t2g level of the dopant. The visible light absorption for 
Mn- and Fe-doped TiO2 was due to the optical transitions from the impurity band tail into 
the CB. The Mn (Fe) t2g level was close to the VB and easily overlapped in highly impure 
media. The visible light absorption for the Cr-doped TiO2 can be attributed to a donor 
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transition from the Cr t2g level into the CB and the acceptor transition from the VB to the 
Cr t2g level (Figure 2-3).                                 
 
 
 
Figure 2-3:  Schematic diagram to illustrate the photoexcitation process under visible 
light of metal-doped TiO2: (a) Ti1-xVxO2; (b) Ti1-xFexO2; (c) Ti1-xCrxO21. Reprinted 
from Chen, X.; Mao, S. S. Chem. Rev. 2007, 107, 2891-2959. Copyright (2007) with 
permission from American Chemical Society. 
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It appears easier to substitute the Ti4+ cation in TiO2 with other transition metals, as it 
is more difficult to replace the O2- anion with other anions due to differences in charge 
states and ionic radii. The small size of the nanoparticle is beneficial for the modification 
of the chemical composition of TiO2 due to the higher tolerance of the structural 
distortion than that of nanotubes because of the inherent lattice strain in nanotubes. 
2.3.1.1 Metal doping  
Various metal elements such as Al, Nb, V, Cr, Mn, Co, Ni, Zr, Ru, Mo, W and Hf  
have been successfully doped into TiO2 nanotubes by solution doping, 
sol-gel-hydrothermal method, ion implantation and hydrothermal method. The visible 
light response of TiO2 nanotubes can be significantly expanded, if Ti alloys, rather than 
pure Ti, is used as a substrate for nanotube growth in an aqueous electrolyte.   
Yu et al reported 11 Fe-doped TiO2 nanotube by impregnating-calcinations method 
using the hydrothermally prepared TiO2 nanotubes as precursors and Fe(NO3)3 as dopant. 
The Fe-doping induces the shift of the absorption edge into the visible-light range with 
the narrowing the band gap and reducing the recombination of photo-generated electrons 
and holes. Others also reported Fe -doped visible-light sensitive TiO2 nanotubes by 
solution doping12. Highly ordered Fe-doped TiO2 nanotube array films were fabricated 
directly by the electrochemical anodization of pure titanium in an HF electrolyte solution 
containing iron ions13.    
Nb, V, Cr, Mn, Co doped TiO2 nanotubes were prepared using solution chemical 
processing in order to control optical and electrical properties14. The Co-doped TiO2 
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nanotube arrays have been synthesized by a sol-gel template method.15 Layers of TiO2 
nanotubes have been fabricated by electrochemical anodization of Ti. After annealing the 
tubes to an anatase structure Cr-doping was carried out on the surface of TiO2 nanotubes 
by ion implantation at energy of 60 keV. 16 
TiO2 nanotube arrays and W-doped (containing 3-wt% W) TiO2 nanotube arrays 
were obtained using a direct anodization method. 17 Liu et al described a new method for 
the preparation of Zr doped TiO2 nanotube arrays by electrochemical method 18. A series 
of Nd-TiO2 powders have been prepared by the sol-gel technique with neodymium nitrate 
and tetra-n-butyl titanium as raw materials, and then Nd- TiO2 nanotubes were fabricated 
by the hydrothermal method 19 
Doping of ruthenium by the ion exchange method to the hydrothermally synthesized 
TiO2 nanotubes were found to be an effective photocatalyst which decolorizes methylene 
blue under visible light.20 
Pure TiO2 nanotubes and TiO2 nanotubes doped with Fe3+/Ni2+/Mn2+ ions were 
synthesized by the hydrothermal method. In this process, TiO2 nanotubes were prepared 
synchronously with doping Fe3+/Ni2+/Mn2+ ions. 21 
Using TiO2 alloy as substrate in anodization is the most efficient methods to dope 
metals and non metals into TiO2 lattice. Ding and his coworkers reported22 anodic 
formation of Ti-Nb-O nanotubes on top of a Ti35Nb alloy, and in vitro bioactivity and 
stem cell response of the anodic nanotubes. Jang et al 23 investigated Ti-xNb alloys 
nanotubes using 1.0 M H3PO4 electrolyte containing 0.8 wt.% NaF and various 
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electrochemical methods. Ti-xHf (x=10%, 20%, 30% and 40%, mass fraction) alloys 
were prepared by arc melting, and the microstructure was controlled for 24 h at 1 000 °C 
in argon atmosphere. The formation of nanotube was conducted by anodizing on Ti-Hf 
alloys in 1.0 mol/L H3PO4 electrolytes with small amounts of NaF at room 
temperature. 24, 25 Ti-Zr alloy nanotubes were fabricated by anodization in H3PO4 
containing 0.5 wt.% NaF. 26 
Self-organized TiO2-MoO3 composite oxide nano-tubes with tunable dimensions 
have been fabricated by anodization of a Ti-Mo alloy and these nano-tube layers exhibit a 
significantly enhanced electrochromic color contrast compared with plain TiO2 
nano-tubes.27 Ti-W-doped TiO2 nanotubes have been successfully fabricated using TiW 
alloy anodization 28. TiO2-Nb2O5 nanotubes were grown on a Ti-Nb alloy (Ti45Nb) by 
anodization in a fluoride-containing electrolyte 29 Macak et al reported the fabrication of 
self-organized porous oxide-nanotube layers on the biomedical titanium alloys 
Ti-6Al-7Nb and Ti-6Al-4V by a simple electrochemical treatment. 30 
The presence of metal ion dopants significantly influenced the photoreactivity, charge 
carrier recombination rates, and interfacial electron transfer rates of the resulting 
materials. Metal ion-doped TiO2 prepared by ion implantation with various 
transition-metal ions such as V, Cr, Mn, Fe, and Ni was found to have a large shift in the 
absorption band toward the visible light region, with the order of the effectiveness in the 
red-shift being V > Cr > Mn > Fe > Ni 1. 
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2.3.1.2 Non-metal doping 
There are four major methods for preparing non-metal-doped TiO2 nanotubes such as: 
high temperature doping, chemical vapor deposition, flame annealing and solution doping 
through electrochemical anodization. Various nonmetal elements such as B, C, N, F, S 
and P have been successfully doped into TiO2 nanomaterials by these methods. The high 
temperature treatment methods usually involve heating of a titanium nanotube precursor 
in presence of corresponding gas flow of doping elements for example N2 can be doped 
into TiO2 nanotubes by heating nanotubes under N2 flow meanwhile in the process of the 
flame annealing flammable gas is used to anneal newly prepared TiO2 nanotubes. This 
method is mostly used for C-doping. Solution doping is the most convenient process by 
which different non-metals can be doped through anodization.    
To enhance the absorption in the visible region for TiO2, C-doped TiO2 nanomaterials 
have been obtained by heating titanium carbide or by annealing TiO2 under CO gas flow 
at high temperatures (500-800°C) or by direct burning of a titanium metal sheet in a 
natural gas flame 31, 32, 33. Carbon also can be doped into TiO2 lattes by plasma 
electrolysis.34 Fan et al reported35 C-doped TiO2 nanotubes by solution method. It showed 
high degradation result of methylene blue compare to the result of non-doped TiO2 
nanotubes.  
Chen and his coworkers fabricated photo responsive S-F-codoped TiO2 nanotubes by 
one-step electrochemical anodization process to extend the photo-response of TiO2 to the 
visible-light region. 36 
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F-doped TiO2 nanotubes were prepared by impregnation method. Compared with 
pure TiO2 nanotubes, the doping with F- significantly enhanced the photocatalytic 
efficiency. 37 
Chemical vapor deposition (CVD) was firstly used to simultaneously codope fluorine 
and boron into TiO2 nanotubes anodized Ti in C2H2O4 · 2H2O + NH4F electrolyte. 38 
N-doping is the most popular area because N-doping is easier than doping any other 
non-metals, due to the differences in charge states and ionic radii. Visible-light-responsive 
N-doped TiO2 nanotubes were synthesized via an environment-conscious solvothermal 
treatment of protonated TiO2 nanotubes in an NH4Cl/ethanol/water solution. 39 N-doped 
TiO2 (anatase) with high visible light photo-activity was obtained by the thermal 
treatment of nanotube in an NH3 flow.40  N-doped TiO2 nanotubes with high 
photocatalytic activity were prepared by the combination of sol-gel process with 
hydrothermal treatment.41 N-doped TiO2 nanotubes were produced by anodization of a 
TiN alloy. The alloy was prepared to contain approximately 5 at.% of N from high-purity 
Ti and TiN powders using an arc-melting and consisted of a two-phase structure with 
different N-contents.42 N-doped TiO2 nanotubes were prepared by a solution process and 
with an additional thermal treatment. Firstly, TiO2 nanotubes were prepared by a 
hydrothermal chemical method and then the nanotubes were immersed into a 0.5 mol/L 
NH3 solution for different periods. Finally, the resulting TiO2 nanotubes were annealed at 
high temperature to complete the substitution of O by N. 43 Different thicknesses of the 
nanotubular layer architecture were formed by electrochemical anodization of Ti in 
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different fluoride-containing electrolytes; tube lengths were 500 nm, 2.5 μm, and 6.1 μm. 
As-formed nanotube layers were annealed to an anatase structure and treated in ammonia 
environment at 550 °C to achieve nitrogen doping. 44 N-doped TiO2 nanomaterials have 
also been obtained by the following alternate means: heating TiO2 under NH3 flux at 
500°C, calcination of the hydrolysis product of Ti(SO4)2 with ammonia as precipitator, 
decomposition of gas-phase TiCl4 with an atmosphere microwave plasma torch, or by 
sputtering/ion-implanting techniques with nitrogen or N2+ gas flux45. 
Boron-doped TiO2 nanotube arrays were produced by forming a nanotube-like TiO2 
film in an anodization process on a Ti sheet, followed by chemical vapor deposition 
treatment using trimethyl borate as the boron source with N2 as the carrier gas, and was 
characterized by ESEM, XPS, XRD, and UV-vis methods. 38, 46, 47, 48 
Titanium dioxide doped with phosphorus (P) was synthesized by anodization of Ti in 
the mixed acid electrolyte of H3PO4 and HF. 49, 50 
S-doped TNT was successfully prepared using the solid-phase method at 350 °C 
under aerated conditions. 51 
2.3.2 Sensitization 
When a photocurrent is generated with light energy less than that of the 
semiconductor band gap, the process is known as sensitization, and the light-absorbing 
dyes are referred to as sensitizers. TiO2 is a semiconductor with a wide band gap and with 
optical absorption in the UV region (<400 nm). Any materials with a narrower band gap 
or absorption in the visible or infrared regime can be used as a sensitizer. These materials 
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include inorganic semiconductors with narrow band gaps: metals, organic dyes, and 
conjugated polymers. How efficiently the sensitized TiO2 can interact with the light 
depends largely on how efficiently the sensitizer interacts with the light. A common and 
key step in the photosensitization of TiO2 is the efficient charge transfer from the excited 
sensitizer to TiO2 and the resulting charge separation. The match between the electronic 
structures of the sensitizer and TiO2 plays a large role in this process, as does the structure 
of the interface, including the grain boundaries and bonding between the sensitizer and 
TiO2. Careful design is needed to avoid charge trapping and recombination which 
eventually harms the performance of sensitized TiO21. 
2.3.2.1 Inorganic Sensitization  
The preparation method for these inorganic semiconductor sensitized TiO2 
nanomaterial systems is usually the sol-gel method. The sensitization of nanoporous TiO2 
by CdS, PbS, Ag2S, Sb2S3, and Bi2S3 has found that the relative positions of the 
energetic levels at the interface between the quantum size particles and TiO2 can be 
optimized for efficient charge separation by using the size quantization effect, and that the 
photostability of the electrodes can be significantly enhanced by surface modification of 
the TiO2 nanoparticles with CdS nanoparticles. Additionally, excitation of the sensitizer 
AgI on TiO2 nanoparticles results in a stabilization of electron-hole pairs with a lifetime 
well beyond 100 and in electron migration from AgI to TiO2. Ag or Au 
nanoparticle-sensitized TiO2 nanorods sustain a higher degree of conduction band 
electron accumulation than pure TiO2. 
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  Xiong et al. fabricated TiO2 nanotubes and nanofibers through a hydrothermal 
technique, and which were fabricated through a templating method. They demonstrated 
the doping of these two materials with PbS QDs (quantum dots) as well as the ability to 
control the size of the QDs, thus controlling the spectral absorption range. 52 
Yin et al53. reported novel fabrication route for core/sheath/hetero-structure CdS/TiO2 
nanotube array using ac electrodeposition for application in photoelectrochemical cells. 
CdS/TiO2 nanotube array was prepared by electrochemically depositing CdS directly into 
anodic TiO2 from an electrolyte containing Cd 2+ and S in dimethyl sulfoxide. Ag, Au, Pt 
nanoparticles supported on TiO2 nanotubes were prepared by microwave assisted heating 
polyol process54,55. The results show that Ag and Au nanoparticles were found to 
significantly enhance the photocatalytic activity of self-organized TiO2 nanotubular array.      
2.3.2.2 Organic Sensitization  
Organic compounds have been widely employed as sensitizers for TiO2 nanotubes to 
improve its optical properties, i.e., organic dyes and conjugated polymers. Organic dyes 
are usually transition metal complexes with low lying excited states, such as polypyridine 
complexes, phthalocyanine, and metalloporphyrins. The metal centers for the dyes 
include Ru(II), Zn(II), Mg(II), Fe(II), and Al(III), while the ligands include nitrogen 
heterocyclics with delocalized ð or aromatic ring systems. Organic semiconductors such 
as conjugated polymers are interesting candidates for electronic devices based on 
molecular materials with their advantages of lower weight, high mechanical flexibility, 
and sometimes lower costs as compared to conventional electronics.  
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2.3.2.3 Dye Sensitization 
These organic dyes are normally linked to TiO2 nanoparticle surfaces via functional 
groups by various interactions between the dyes and the TiO2 nanoparticle substrate: (a) 
covalent attachment by directly linking groups of interest or via linking agents, (b) 
electrostatic interactions via ion exchange, ion-pairing, or donor-acceptor interactions, (c) 
hydrogen bonding, (d) van der Waals forces, etc. The most preferable linkage is covalent 
attachment which can be achieved by reacting carboxylic and phosphonic acid derivatives 
with the hydroxyl groups to form esters, while amide linkages are obtained via the 
reaction of amine derivatives and dicyclohexyl carbodiimide on TiO2. The most common 
and successful functional groups are based on carboxylic acids. 
The mechanism of the dye sensitization of TiO2 nanoparticles normally involves the 
excitation of the dye and the charge transfer from the dye to TiO2 nanoparticles. As an 
efficient photosensitizer, the dye has to meet several requirements. First, the dye should 
have high absorption efficiency and a wide spectral range of coverage of light absorption 
in the visible, near-IR, and IR regions. Second, the excited states of the dye should have a 
long lifetime and a high quantum yield. Third, the dye should have matched electronic 
structures for the ground and excited states with TiO2 nanoparticles to ensure the efficient 
charge transfer between them; that is, the energy level of the excited state should be well 
matched to the lower boundary of the conduction band of TiO2 to minimize energetic 
losses during the electron-transfer reaction. 
2.3.2.3.1 Organic dye sensitization 
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Dye-sensitized solar cells (DSSCs) have received considerable attention as a 
cost-effective alternative to conventional solar cells. One of main issues for the 
development of DSSCs is the design and synthesis of dyes that serve as light absorbers 
for energy conversion. Up to now, many different pure organic dyes and transition metal 
complexes have been evaluated as sensitizers. Among the wide variety of dyes, 
polypyridyl complexes of Ru with four pendant carboxyl groups, such as 
(cis-di(thiocyanato)-bis(2,20-bipyridyl-4,40-dicarboxylate))ruthenium(II) dye (Figure 2-4) 
(commercially known as N3), has become the most efficient and widely used dye. 56 
However, the Ru dyes is getting very expensive because of the increasing price of Ru. 
Therefore, people start to look for the alternatives.  
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Figure 2-4: Structure of N3 
 
Chlorophylls and their analogues (Figure 5)  are attractive candidates for application 
in dye-sensitized solar cells since these molecules strongly absorb light, and have the 
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potential to provide pathways for long-range excitation transport.57, 58,  Eighty to ninety 
percent of the excitations formed on light absorption are transferred to the reaction centre 
where charge separation occurs.  
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Figure 2-5: Structure of chlorophyll-c1 
 
DSSCs sensitized with pure organic dyes (Figure 6) have relatively lower power 
conversion efficiencies than those sensitized with metal complexes. However, pure 
organic dyes have many advantages for their application in DSSCs, such as lower cost, 
higher absorption coefficient and easier control of redox potentials of LUMO and HOMO 
levels. Importantly, the highest power conversion efficiency of DSSCs with pure organic 
dyes has reached 8.0%, which is close to that (~10%) of DSSCs with metal complexes. 60, 
61 
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Figure 2-6: Cyanidin-3-glucoside 
Porphyrin derivatives are of particular interest because of their improved stability as 
compared to chlorophylls. Of crucial importance is the realization of low-cost dye layers 
in which photons are efficiently harvested. Recent studies have shown that the lifetime of 
the excited states and the mutual arrangement of porphyrin dye (Figure 2-7) molecules 
play a key factor in realizing efficient light-harvesting.59, 62 
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Figure 2-7: Porphyrin dye 
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However, the expensive elaborate deposition technique makes these layers 
commercially less attractive and could economically only be applied in a few dye 
materials. 
2.3.2.3.2 Conjugated polymer sensitization 
To improve the efficiency and increase the technological value of DSSC, there is a 
tendency to substitute some of materials which are used to make DSSC with polymers. For 
example, poly(ethylene terephthalate) based electrodes can substitute with glass electrodes 
improving the flexibility and impact resistance of a DSSC. Liquid electrolytes are volatile 
and may leak if the cell if it is not properly sealed. Their replacement by polymeric 
electrolytes not only solves this problem but also acts as a binder for the electrodes. More 
recently, intrinsically conducting polymers have been used as hole conducting materials in 
DSSC with promising results. Polymeric materials are less expensive, lighter, and consume 
less energy for their large scale production, making these cells more environmentally 
friendly. 
Tripathy and coworkers 63 have discovered a way to produce plastic cells that the 
suspension coated on PET–ITO films required heating to 110 ◦C for <1 min which exhibits 
efficiencies higher than 5% at air mass 1.5 condition (AM 1.5), and the manufacturing cost 
could be as low as the lowest estimated cost for amorphous and crystalline silicon. In the 
same direction, a highly efficient flexible DSSC prepared on a conductive plastic film 
substrate was assembled using mechanically stable mesoporous anocrystalline TiO2 films 
prepared at low temperature (100 ◦C) by hydrothermal treatment64. 
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Houarner-Rassin and coworkers 65 have reported on the molecular wiring efficiency of 
a ruthenium polypyridine complex acting as a sensitizer connected to a 
poly(3-hexyl)thiophene chain acting as hole transporting material. The comparison of the 
photocurrent-photovoltage characteristics of the cells recorded under AM1.5 indicates a 
twofold improvement of the overall photoconversion efficiencies when the sensitizer is 
grafted to the hole transporting material relative to the reference system.  
A scientifically interesting and promising approach to replace the liquid electrolyte in 
DSSC consists in the use of p-type semiconductors referred as hole transporting materials. 
In principle, all materials with p-type semiconducting behaviour capable of accepting holes 
from the dye cation are potential candidates to replace the liquid electrolyte in DSSC. 
Intrinsically-conducting polymers are well known as good hole transporting material, 
carrying current densities of several mA/cm2.66, 67 Thus, these materials are potential 
candidates to use as HTM in solid-state DSSC (Figure 2-8). 
Application of a spin-coated poly(4-undecyl-2,2'-bithiophene) layer on dye-sensitized 
TiO2 has shown that it can act as an efficient charge mediator. Typical J-V values for flat 
TiO2 film devices are Jsc = 60 μA/cm2, and VOC = 0.65 V, which is comparable to values 
obtained with liquid electrolytes in the same geometrical configuration. The polymer is 
also able to sensitize the TiO2 without a dye.68 
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Figure 2-8: Chemical structure of the repeating units of HTM polymers 
Rodolfo Espinosa and coworkers69 have studied different condensed tannins extracted 
from the bark wastes of tropical wood trees as possible sensitizers of TiO2. These natural 
polymers adhere strongly to TiO2 even in aqueous solutions. The major drawback 
involved in developing “plastic” DSSC concerns the deposition of the TiO2 film. That 
requires high annealing temperatures of around 450 ◦C for 30 min. This sintering step 
removes the binder and solvent, giving rise to an electrically-connected network of TiO2 
particles. However, with polymers, thermal treatment must be limited to 150 ◦C, because 
above this temperature the polymer undergoes thermal degradation, losing its transparency 
and becoming completely distorted. If polymer deposition on TiO2 film is done at low 
temperature, this results in poor adhesion and thus reduced electrical contact between the 
particles and decreased dye adsorption. Another issue is that the low annealing temperature 
precludes the total elimination of organic residues from the surfactants commonly used in 
TiO2 suspensions.70, 71, 72, 73, 74 
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2.4 Photo-electrochemical properties 
 
The IPCE of the photovoltaic cell can be expressed as the product of three key parameters 
which are shown in equation (2-1): the light harvesting efficiency (LHE), the 
electron-injection yield (φinj) and the electron collecting efficiency (η) in the external 
circuit. 
 
IPCE ~ LHE ×φinj × η  (2-1) 
The actual reactions that happen in the dye sensitized solar cell are as shown in Figure 2-9. 
CB is the conduction band; VB is the valence band; kfluor is the rate constant of the 
fluorescence deactivation of the porphyrin excited state; kinj is the rate constant of the photo 
induced electron transfer from the porphyrin excited state; kCR is the rate constant of the 
charge recombination between the oxidized porphyrin and electrons in the CB; kreg is the 
rate constant of the electron-transfer reaction between the oxidized porphyrin and the 
iodide in the electrolyte.  
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Figure 2-9: Different reactions accruing in the TiO2/dye surface 
The LHE is controlled by absorption (Abs) as shown in equations (2-2) and (2-3). 
Higher the absorption is better the LHE. Where Г(mol/cm2) is the surface coverage of the 
sensitizer and σ(cm2/mol) is the molar cross section for absorption of monochromatic light.  
LHE= 1-10-Abs  (2-2) 
Abs = Гσ   (2-3) 
The η term is essentially controlled by two parameters: (i) the rate of iodide oxidation 
by the oxidized porphyrin after electron injection (kreg) and (ii) the rate of charge 
recombination (kCR) of the oxidized porphyrin with the conduction band electrons. kreg 
cannot be considered a limiting factor because the ground-state oxidation potentials of the 
porphyrins are more positive than those of the best dyes that yield very high IPCEs. 75 
Durrant et al. 76 have recently reported that the rate of charge recombination between 
conduction band electrons and oxidized porphyrin sensitizers is in the range of several 
milliseconds. This rate is sufficiently slow to permit the regeneration of the ground state of 
the porphyrin by the iodide in solution. As a result, η is not the limiting factor for obtaining 
high IPCE. 
The injection efficiency (φinj ) directly depends on the electron-injection rate (kinj). The 
residual fluorescence emission which was detected upon adsorption of the dye on TiO2 
suggests the electron injection yield is far from completed. 77 The radiative process 
competes with the electron injection, thus decreasing the branching ratio between these two 
deactivation channels (kfluor versus kinj). Marcus theory framework model 77 states that the 
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factors controlling the electron-transfer rate are: the free energy change, the reorganization 
energy associated with the interfacial electron transfer and the electronic coupling between 
the electron donor and the acceptor. The reorganization energy may not be a limiting factor 
for these sensitizers, since it is known not to be larger than that of ruthenium polypyridine 
complexes. The free energy associated with the electron injection may play a role in the rate 
of the electron injection, because the best porphyrin sensitizer has the highest excited-state 
oxidation potentials. The other factors which may affect the electron-transfer are position 
of functional groups for example 77 (Figure 2-10): although 1 and 2 exhibit similar 
excited-state oxidation potentials and similar absorption and emission excited-state 
oxidation potentials and similar absorption and emission characteristics, they lead to very 
different IPCE values.  Porphyrin 2 bears the COOH anchoring group directly on the 
p-aromatic core. This feature certainly allows for a stronger electronic interaction with 
TiO2 compared to porphyrin1, in which the remote COOH groups are electronically 
decoupled from the porphyrin macrocycle. Porphyrin 3 has much higher IPCE than 4 due 
to the orientation and distance of the dye respect to TiO2 surface. Interestingly, replacing of 
COOH to PO3H2 does not impact the IPCE 62.  
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Figure 2-10: Structure of the porphyrin sensitizers 
In addition, binding state and amounts of dye adsorbed are also important factors in 
IPCE 62.  
 
 
Figure 2-11: Branched A and B approaches to chromophore antenna system62. Reprinted 
from Campbell, W. M.; Burrell, A. K.; Officer, D. L.; Jolley, K. W. Coordination 
Chemistry Reviews 2004, 248, 1363-1379. Copy right (2004) with the permission from 
Elsevier  
There are significant energy-related problems associated with multi-component 
chromophore systems. If a finite energy demand (∆E) exists for each parallel transfer step, 
a branch design (Figure 2-11, A), utilizing parallel energy processes (∆Etotal = (1/∆E1 + 
1/∆E2)−1), should be more energy efficient than the linear design (Figure 2-11, B) where 
all processes are in series and energy demands are additive (∆Etotal =∆E1 + ∆E2). In the 
case of the highly branched antenna system, however, a much larger surface area on the 
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SC will be occupied by each bound chromophoric array, compared to that of a linear array 
sensitizer. At saturation coverage, this would reduce any gain achieved from the antennae 
effect. From this point of view, the linear design would be superior to the branched one. 
In order to obtain the best result in liner array a full covered dye monolayer seems to be 
the best however, a monolayer of dye absorbs a few percentage of light because it 
occupies an area that is much larger than its optical cross section. Therefore, LHE of dye 
monolayer on TiO2 surface is very low.    
Rochford J. et al 78 studied four para- and meta-Zn(II) 
tetra(carboxyphenyl)porphyrins in solution and bound to metal oxide (TiO2, ZnO, and 
ZrO2) nanoparticle films to determine the effect of the spacer length and anchoring group 
position on their photoelectrochemical and photophysical properties (Figure 2-11). Both 
COOH and COOEt3NH derivatives were employed for the binding studies as well as 
solution studies. Solution phase electrochemistry studies were performed on the methyl 
ester derivatives (COOMe). In m-ZnTCPP, m-ZnTCP2P, and m-ZnTC(PEP)P the 
anchoring groups are in meta position on the meso-phenyl rings. The meta substitution 
favored a planar binding mode to the metal oxide surfaces, as determined by a 
combination of studies that included IR, UV, and solar cell efficiencies on TiO2. 
Fluorescence emission was studied on ZrO2. All studies indicated that only p-ZnTCPP 
aggregated, suggesting close packing of the dye molecules on the semiconductor surface. 
Aggregation effects were not observed for the meta porphyrins. These observations are 
consistent with the work of others on p-ZnTCPP and m-ZnTCPP. The 
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photoelectrochemical behavior of the para- and meta-substituted porphyrin sensitizers 
suggests that the binding geometry, as well as the distance of the sensitizer from the metal 
oxide surface, dramatically influence their efficiencies. The greater efficiency of the rigid 
planar meta-substituted systems was explained in terms of a greater charge injection into 
the TiO2 semiconductor from rings that lie flat, and closer, to the surface.  
 
Figure 2-12: m-ZnTCPP on the surface of TiO2 or ZnO78. Reprinted from Rochford, J.; 
Chu, D.; Hagfeldt, A.; Galoppini, E. J. Am. Chem. Soc. 2007, 129, 4655-4665. Copy right 
(2007) with the permission from American Chemical Society. 
2.5 Efficiency measurement 
There are three different efficiency measurement methods for evaluating the 
performance of photoelectrolysis cells such as: photoconversion efficiency (PCE), 
quantum efficiency (IPCE) and absorbed photo to current conversion efficiency (APCE). 
2.5.1 Photo conversion efficiency (PCE) 
The photo conversion efficiency of water electrolysis is calculated based on the 
following relation.79  
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η= [Jph× (1.23-Eapp )× 100%] /I0                       (2-4) 
Eapp = │E means- Eoc│                     (2-5) 
Where Jph (A/m2) is the photocurrent density; Eapp (V)  is applied potential which 
can be obtained from eq. (2-5); Emeans (V) is the potential applied to photo anode versus a 
reference electrode; Eoc (V) is the open circuit potential of photo anode under 
illumination; I0 (W/m2) is the intensity of incident light.  Figure 2-13 shows the I-V 
measurement of as anodized TiO2 nanotubes in 1M KOH solution as a function of 
potential applied to the photo anode with reference to a Ag/AgCl reference electrode. It is 
obvious that the photocurrent increases with increasing the applied potential to the anode. 
The photocurrents developed under illumination were compared with that in the dark. It 
shows that almost no current was developed in the dark. Based on the eq. (2-4) and (2-5), 
the photo conversion efficiency into hydrogen generation of annealed nanotubular arrays 
of TiO2 in 1M KOH is plotted as a function of external potential applied to the photo 
anode.  
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Figure 2-13: Set-up for PCE measurement 
2.5.2 Quantum efficiency (IPCE) 
IPCE is a measure of the effectiveness in converting photon’s incident on the cell to 
photocurrent flowing between the working and counter electrodes. The IPCE can be 
calculated using equation (2-6). 80 
IPCE = 1240 Ip (λ)/ P(λ)λ  (2-6) 
Ip (λ) (A/m2) is the photocurrent density at wavelength λ. P(λ) (W/m2) is power density at 
wavelength λ. IPCE also can be expressed as (2-1)  
IPCE ~ LHE ×φinj × η  (2-1) 
The light harvesting efficiency (LHE), the electron-injection yield (φinj) and the 
electron collecting efficiency (η) in the external circuit. 
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2.5.3 Absorbed photo to current conversion efficiency (APCE) 
APCE also called the internal quantum efficiency and is defined as the number of 
electrons (or holes) collected per absorbed photon. It is calculated after considering the 
losses in incident photons like reflection, scattering, absorption, etc. APCE and IPCE are 
related by equation (2-7) 81 
APCE= IPCE/LHE     (2-7) 
LHE = 1-10-Abs         (2-2) 
2.6 Application 
One of the most important research areas for future clean energy applications is to look 
for efficient materials for the production of electricity and/or hydrogen. The dye sensitized 
solar cell convert solar energy into electrical energy for solar cell applications. For example, 
an overall solar to current conversion efficiency of 10.6% has been reached by the group 
led by Gratzel with DSSC technology.82 TiO2 nanotubes have been widely studied for 
water splitting and hydrogen production due to their suitable electronic band structure 
given the redox potential of water 83, 84, 85. Another application of TiO2 nanotubes is the 
photocatalytic decomposition of various pollutants 86. Apart from above three major 
applications, the TiO2 nanotubes surface can be used as antimicrobial 87 surfaces.  
2.6.1 Solar cell 
The dye-sensitized solar cell (DSSC) has attracted considerable interest because of the 
attractive properties, such as low production cost and low environmental impact during 
fabrication. However, a comparison with conventional solid-sate junction devices made of 
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crystalline silicon indicates that the DSSC has a relatively low conversion efficiency of 
10.6%. The overall efficiency (η) of the photovoltaic cell is calculated using equation (2-8) 
from the short circuit current density (Jsc) , the open circuit photovoltage (Vco) , the fill 
factor ( ff ) and the intensity of incident light (Is) 
η = (Jsc Voc ff)/Is    (2-8) 
Studies suggest that the possibility of fabricating highly efficient dye solar cells by 
increasing the length of the nanotube array on the negative electrode as the amount of the 
absorbed dye appears to be the limiting factor. A second key factor that impacts 
photoconversion efficiency is uniform dye absorption within the pores of the nanotube 
arrays. The nanotube array geometry has only one entrance, or exit, makes the prospect of 
pore filling by a liquid more challenging since the air may be trapped. A third factor for 
improvement is the ff, which is reduced with increasing series resistance. The series 
resistance will be increased, and hence ff reduced, with increasing barrier layer thickness, 
and poor contact between the barrier layer and FTO substrate. The barrier layer thickness 
can be reduced using a step-wise reduction in the anodization voltage 88, followed as 
needed by an acid rinse to further thin the barrier layer. Adhesion between the barrier 
layer and FTO substrate is a function of initial Ti film quality, in turn dependent upon 
deposition parameters. Finally, we note that the resistance of the FTO substrate increases 
at least one order of magnitude with the oxygen annealing step needed to crystallize the 
nanotube array. Modification of this annealing step should facilitate retention of the 
FTO-conducting properties thus increasing the ff.  
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2.6.2 Solid-state dye sensitized solar cells 
TiO2 nanomaterials can be an electron acceptor due to the n-type polarity. The charge 
neutrality on the dye being restored by a hole delivered by the complementary 
semiconductor inorganic 89, 90 or organic 91, 92 of p-type polarity. Normally, the conversion 
efficiency of solid-state dye sensitized solar cells is much lower than the corresponding 
common dye sensitized solar cell. Since the first report on this system in 1998, it is 
photovoltaic conversion efficiency has been improved considerably. The highest 
efficiency of 5.0% was recently achieved. 93  
2.6.3 Water splitting 
As one of the major applications of TiO2 nanotubes the water splitting is the general 
term for a chemical reaction in which water is converted into oxygen and hydrogen94, 
Water splitting is actively researched because demand for cheap hydrogen is expected to 
rise with the new hydrogen economy. A simple laboratory water splitting set-up shows in 
Figure 2-14. 95 
44 
 
 
 
Figure 2-14:  Homemade photocell for hydrogen generation under sunlight. (1) TiO2 
nanotube arrays anode, (2) Pt wire spiral cathode, (3) gas burette, (4) multimeter for 
voltage, (5) multimeter for current, (6) focus lens, (7) battery, (8) voltage adjust button.95 
Reprinted from Liu, Z., Pesic, B., Raja, K.S., Rangaraju, R.R., Misra, M. International 
Journal of Hydrogen Energy 2009, 34, 3250-3257. Copy right (2008) with the permission 
from Elsevier.  
2.6.4 Degradation of Organics 
Dye sensitized TiO2 nanotubes oxidize organics into CO2 and H2O. Mechanism is 
showing blow (Figure 2-15) 
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Figure 2-15: The photoactivation mechanism of TiO2 
These 1D TiO2 nanotubes, with both internal and external surface areas being 
available for chemical reaction, are promising materials for surface functionalization.  The 
integrated electrode (with TiO2 nanotubes standing on the Ti surface) gives better stability 
and geometrical exposure to react better with the substrate compared to other TiO2 
architectures. Mohapatra et al.96 reported the synthesis of highly disperse Pd nanoparticles 
on vertically oriented TiO2 nanotube arrays (Pd/TiO2). The catalytic activity of Pd/TiO2 is 
tested for the decoloration of two organic dyes, viz., methyl red (MR) and methyl orange 
(MO).  
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Chapter 3  
 
 
 
 
 
 
An Innovative Approach to Synthesize Highly-Ordered TiO2 
Nanotubes 
 
 
 
 
 
 
 
 
 
 
A version of this chapter was published as:  
Tayirjan T. Isimjan, Sohrab Rohani, Ajay K. Ray. “An Innovative Approach to Synthesize 
Highly-Ordered TiO2” Journal of Nanoscience and Nanotechnology. 2011, 11, 1079-1083. 
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3.1 Abstract 
Although much progress has been achieved in the last few years for preparing 
ordered TiO2 nanotubes by anodization, the resulting nanotubes still possess a broad pore 
size distribution and a rough top surface because of the uneven Ti substrate, in the 
absence of an electropolishing step. Herein, we describe a facile route to form highly 
ordered TiO2 nantubes with controlled dimensions. The proposed method uses sonication 
assisted fabrication and cleaning of TiO2 nanotubes from electrochemical anodized Ti foil. 
The main processes involve three steps. (1) Electrochemical anodization of Ti foil in 
NH4F electrolytes, (2) heat treatment of the TiO2 nanostructures in a short period of time 
(approximately 30 min at 100oC) and (3) a mild sonication of TiO2 nanostructures.  
Keywords:  TiO2 nanotubes; TiO2 nanowires; Anodization; Annealing; Sonication.   
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3.2 Introduction 
Titanium dioxide based nanotubes have attracted much attention due to the potential 
applications in ultraviolet nanoelectronics1,2 and photonics3. Self-organized TiO2 
nanotube arrays not only have a large specific surface area but also their self-aligned 
nature leads to a significant enhancement of the performance when used in self-cleaning 
surface coating4,5,  photoelectrochemistry6,7, dye-sensitized solar cells8, biomedical 
applications9-12 and electrochromic devices13. The electronic and optical properties of the 
titanium dioxide nanotubes are largely dependent on their crystal structure, dimension, 
and morphology. In particular, one-dimensional titanium dioxide nanotubes with 
controlled morphology offer great potential in efficient assembly and performance of 
nanoscale devices due to quantum confinement of charge carriers in small dimensions14.  
There have been various ways of fabricating highly ordered regular arrays of 
nanostructures in a controlled and reproducible way15-17. The main process still uses 
electrochemical anodizing of Ti metal in NH4F electrolytes. Although much progress has 
been achieved in last few years for preparing of ordered TiO2 nanotubes by anodizing, the 
TiO2 nanotubes still possess a broad pore size distribution and a rough top surface 
because of an uneven Ti substrate, omitting an electropolishing step. In general, there is a 
delicate balance between the oxide growth rate, the etching rate and dissolving rate 
through etching reagent such as fluorine ion which needs to be maintained through 
anodization process when fabricating self-organized regular titanium dioxide nanotubes.  
The lattice mismatch between the grown metal oxide and the underlying metal plays a 
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key role in forming a curved oxide layer on the metal surface. Although nanotubes with 
lengths of up to several hundreds of micrometers have been reported18, due to the delicate 
balance between growing, etching  and dissolving rates of nanotubes, it is very difficult 
to control the morphology of the nanotubes and reproduce them in the same fashion. After 
a critical anodization time, it is almost impossible to produce nanotubes because either the 
nanotubes grow too long and collapse creating debris surface or dissolve faster than being 
etched, and resulting in nanoporous structures.  Recently, Seonghoon Lee and his 
coworkers reported the fabrication of the highly uniform and self-organized nanotubes by 
electro polishing and two-step anodization19. In their method, first, a flat Ti surface was 
achieved by electro polishing a bare Ti foil as purchased. Secondly, a well ordered 
structure was obtained through the first anodization step performed for 3 h at 30V. Finally, 
The TiO2 nanotubular layer was removed by using an adhesive tape and then the highly 
ordered and self-organized TiO2 nanotubes were fabricated by performing a second 
anodization step for 5 min under conditions identical to those in the first anodization step. 
Even though this technique resulted in highly ordered nanotubes, there were still some 
difficulties. For example, the method required very harsh electro polishing conditions 
such as a mixed solution of acid (60%), butanol, and ethanol (1:6:9 in volume) at 20 V 
and an operating temperature of -20oC for 5 min.  In addition the TiO2 nanotube layer 
cannot always be removed easily by tape; therefore, there were some parts of TiO2 
nanotube layer remaining. The remaining layers may result in an uneven surface. Overall, 
reproducing the highly uniform and self-organized surface by this method is not practical.  
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The highly ordered TiO2 nanotube arrays are very important not only for the 
fundamental study of nanostructures but also for the realization of useful devices20, 21. 
Herein, we describe a facile route to form highly ordered TiO2 nanotubes with controlled 
dimensions.  The proposed method uses sonication assisted fabrication and cleaning of 
TiO2 nanotubes from electrochemical anodized Ti foil. The main processes involve three 
steps. (1) Electrochemical anodization of Ti foil in NH4F electrolytes using a typical 
condition; (2) heat treatment of the TiO2 nanostructures in a short period of time 
( approximately 30 min at 100 oC) and (3) a mild sonication of TiO2 nanostructures.  
3.3 Experimental 
The Ti foil (0.8 mm thickness, 99.6 % purity) and all chemicals were purchased from 
Alfa-Aesar (Ward Hill, MA, USA). Prior to anodization, the titanium foil was cleaned by 
using distilled water and acetone. It was then dried off in air, etched in (3.4 M HF+5M 
HNO3) for 30 s, rinsed with deionized water, dried with air and used immediately.  
The polished Ti foil was anodized in an ethylene glycol (EG) solution containing 
NH4F (0.38 wt%) and H2O (1.79 wt%), and placed in a well-insulated bath for several 
hours at 30 V and at room temperature using a DC power supply. After the anodization, 
the sample was washed with distilled water and acetone and then dried off with air. In 
order to increase the adhesion force between TiO2 layers with substrate, the prepared 
sample was annealed at 100oC for 30 min and then sonicated with 240W,  50/60 Hz 
ultrasonic cleaner (Crest Ultasonics,  Malaysia) for 30 sec.  
The electrochemical anodization experiments were performed in a conventional 
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two-electrode cell. A platinum foil (10mm×20mm) was used as a counter electrode and a 
titanium sheet served as a working electrode. A Ti sheet of size 1 cm × 1 cm was pressed 
between a set of O-rings in the sample holder. The Pt wire was located on the back side of 
the sample as the electrical contact, and then fixed in the electrochemical cell with an 
active anode area of 0.9 cm2 exposed to the electrolyte. During processing, the anode and 
cathode were parallel with a separation distance of 2 cm. All anodization experiments 
were performed potentiostatically, under constant applied voltage, at room temperature. 
The electrochemical anodization was carried out by using a source meter (Keithley 2602, 
MetricTest, Hayward, CA, USA) interfaced to a computer. The microstructural 
morphological features of all the samples were examined with a field emission scanning 
electron microscope (FE-SEM, Hitachi S-5000, Tokyo, Japan). The crystalline phases 
were recorded by X-ray diffraction using a powder X-ray diffractometer (Rigaku RINT 
2500, Tokyo, Japan) with Cu K radiation (λ= 1.54Å ) at 40 kV and 50 mA with a scan rate 
of 0.05 ◦/s and a scan speed of 1 ◦/min over a 2θ range from 20◦ to 90◦. Final samples were 
cleaned by Crest Ultrasonics (Model No: 275 HTA).  
3.4 Results and Discussion 
Figure 3-1 shows a pictorial presentation of the innovative approach to remove the 
nanowires from the top layer of the nanotube arrays by sonication.  
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Figure 3-1: Removal of the nanowires layer by sonication and fabrication of 
highly-ordered titanium nanotube arrays 
 
3.4.1 Surface analysis   
Figure3-2 shows a typical surface morphology of TiO2 nanostructures in different 
processes as mentioned in previous section. The non-uniform surface topographical 
structure can be easily seen for as-prepared samples due to the rough surface of the Ti foil 
(Figure 3-2a). The SEM  cross-section micrograph clearly indicates that the 
nanostructures formed on Ti metal surface can be composed of two layers (Figure 3-2b): 
the top layer (region) is very rough and contains low density nanowires with different 
length.  The bottom layer, however, is composed of dense nanotubes with uniform 
length, the interface of two sections can be clearly seen in the SEM image (Figure 3-2b). 
The highly ordered nanotubes can be found in SEM image (see Figure 3-2c and 3-2d) 
after annealing and 30s of sonication. It is noticed that the two layers for as-prepared 
sample have changed into one layer in the cross-section image (Figure 3-2f), indicating 
that the top layer has been removed based on the fact of thickness decrease in the 
cross-section image of the sample experienced during annealing and mild sonication. 
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Figure 3-2:  FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 4 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) higher magnification of top view of annealed and sonicated sample 
 
The formation TiO2 nanotubes follow the widely accepted anodic aluminum oxide 
(AAO) mechanism22. Firstly, an oxide layer at Ti metal surface is formed when reacting 
with O2- and OH- at the anode; subsequently the anions diffuse into the oxide layer and 
continuously react with the metal beneath. Secondly, migration of Ti from the oxide/metal 
interface to metal/electrolyte interfaces under the electric field. Finally, the chemical 
dissolution of metal and oxide will proceed due to etching by fluoride ions and 
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substantially enhanced by the presence of H+ ion23. Ti-O bond also becomes weak under 
the applied electric field which causes the field dissolution of TiO2.  Ti4+ goes into the 
electrolyte while the free O2- ions diffuse across the oxide layer and react with Ti metal at 
the oxide/metal interface.  Since the neutral electrolytes are used for the Ti anodization 
in this study, the chemical dissolution can be neglected. Therefore, instead of forming 
nonoporous structure, the TiO2 nanotubes grow high and then collapse to form nanowires. 
The thickness of the as-prepared samples first increased slowly from about 6.0 µm at 
3h (Figure 3-5) to 8.0 µm at 7h.  It was followed by a rapid increase to reach 
approximately 13.6 µm at 20h. After sonication treatment, the tube length increased 
slowly from 5.3 µm to 6.4 µm and then stabilized around 6.7 µm at 7h. From the 
sonication results we can conclude that with anodizing at 30 V, the growth rate of the 
nanotubes reached a maximum value (approximately 6.7 µm). In other word, after 
reaching the maximum length around 6.7 µm, the nanotubes started to collapse to form 
nanowires. The thickness of TiO2 layer before and after heat treatment was investigated.  
The results show that average thickness of as-prepared sample decreased by 
approximately 0.3 µm after heat treatment due to the changes of crystal structure from 
amorphous to anatase which was confirmed by XRD (Figure 3-3), hence a compact TiO2 
layer was formed. 
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3. 4.2 XRD result and thickness analysis 
 
Figure 3-3: XRD pattern for samples from different treatments 
The linear increase in the diameter of the TiO2 nanotubes with anodization time, as 
shown in Figure 3-4, indicates the etching reaction of TiO2 during anodization. The 
change in the thickness of the wall of TiO2 nanotubes in Figure 3-4 indicates that the 
initial stage is linear etching, and is followed by reaching a balance between etching and 
oxidation.  
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Figure 3-4: The wall thickness and diameter of TiO2 nanotubes as a function of the 
preparation time 
Figure 3-5 reveals that the length (as-prepared) of TiO2 nanowire/nanotubes is a 
almost a linear function of the etching time. The initial increase in nanotubes length (for 
example, up to 5 h), indicates that etching dominates the anodizing in the top layer. 
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Figure 3-5: The length of TiO2 layers as a function of preparation time 
It is interesting to note that the removing of the top nanowire layer by mild sonication 
is only limited to the annealed TiO2 nanostructures. In other words, the removing of the 
top layer is incomplete if one does not go through the annealing treatment for as-prepared 
TiO2 nanostructures. We see a slight change in topography of annealing treated sample in 
comparison to the as prepared in XRD (Figure 3-3), similar to the published data24. X-ray 
diffraction (XRD) measurements were carried out to investigate the crystal structures of 
TiO2 nanotube layers, and their patterns. The results reveal that the as-prepared nanotube 
layers on the titanium substrate contain only the Ti substrate peaks, indicating that such 
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layers have an amorphous structure. After annealing at 100 oC in air for 30 min, very 
distinctive peak appeared around 65o indicating that some of the TiO2 layers transform to 
the anatase resulting in a stronger adhesion between TiO2 layers with Ti substrate 
compared to the as prepared sample.  However, the majority of the TiO2 layers still 
remained amorphous.  
The peak intensity of anatase increased after treating the surface with sonication 
which was ascribed to an increase in the degree of crystallization. Another reason that can 
explain the removal of nanowires from the surface is the banding between nanotubes and 
nanowires due to the collapsing of nanotubes at one point of anodization. Therefore, the 
nanotube and nanowire are separated at that point after sonication.  Therefore, in order 
to form highly-ordered nanotube arrays, it is very important to completely remove the top 
nanowires using annealing treatment sonication. 
3.5 Conclusions 
In summary, we were able to form highly ordered TiO2 nanostructures by anodizing 
Ti foil in NH4F electrolytes.  The Ti surface has two layers: the top layer is TiO2 
nanowire and underneath is a highly ordered TiO2 nanotubes array. The top layer can be 
completely removed by annealing and a mild sonication process to expose the highly 
ordered nanotube layer.  The length of the retained uniform and highly ordered 
nanotubes is independent of the treatment time. The dimensions of the retained TiO2 
nanotubes can be well controlled. The process may be extended to other nanotubes 
preparation. 
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Chapter 4 
 
 
 
 
 
 
Photoelectrochemical Water Splitting for Hydrogen 
Generation on Highly Ordered TiO2 Nanotubes Fabricated by 
Using Ti as Cathode  
 
 
 
 
 
 
 
 
 
 
 
 
  
Tayirjan T. Isimjan, Sohrab Rohani*, Ajay K. Ray paper based on the chapter has been 
submitted to the following journal: International Journal of Hydrogen Energy 
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  4.1 Abstract  
Sonication assisted anodization of titanium in a fluorinated ethylene glycol and water 
electrolyte using Ti itself as a cathode was investigated. The prepared anodic film has a 
highly ordered nanotube-array surface architecture. The resulting TiO2 nanotubes at 
potential 20V to 40V had various diameters (30 nm-100 nm), tube length (3 μm-12 μm) 
and wall thicknesses (6 nm-15 nm). The tube diameter and wall thickness were increased 
with the anodization time while the overall length of the nanotube arrays is controlled by 
the duration of the anodization time. In addition, apart from the anodization time, 
formation of nanotubes is governed by the distance and supplied voltages between the 
two electrodes, for a given electrolyte. The crystal structure and surface morphology of 
the annealed anodic films are investigated by XRD and SEM. The corresponding 
photoelectrochemical water splitting efficiency (PCE) was calculated under UV light. Our 
results showed a very high PCE under UV (315-400 nm, 100 mW/cm2) irradiation. The 
maximum value of PCE for hydrogen generation obtained was 29% which is one of the 
best results reported in literature 1. 
Key word: Anodization, TiO2 nanotubes, Ti cathode, UV irradiation and 
photoelectrochemical water splitting efficiency. 
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4.2 Introduction 
 
Since Gong et al. 2 reported the fabrication of vertically oriented, highly ordered 
TiO2 nanotube arrays by potentiostatic anodization of titanium in an HF aqueous 
electrolyte,  titanium dioxide nanotubes have attracted considerable interest due to unique 
and excellent properties in optics3, electronics 4, photochemistry 5 and biology 6. Because 
of the high surface to volume ratio, as well as highly accessible surface area, TiO2 
nanotubes have great potential for various applications such as solar cell7, biosensor8, 
water purification 9 and hydrogen generation 10. Anodic oxidation is considered to be the 
most convenient and efficient method to generate highly ordered TiO2 nanotubes in 
comparison to the hydrothermal treatment11, template-assistant deposition12 and 
electrospinning 13.   
Two types of electrolytes are used in the anodic oxidation: organic-based electrolytes 
and aqueous-based electrolytes. Since the aqueous electrolytes have lower electrical 
resistance compared to the organic electrolytes, the oxidation as well as etching speeds 
are faster than organic electrolytes; therefore, it is always difficult to get longer tube in 
aqueous electrolytes. The required voltages in aqueous electrolytes are lower but the 
quality of the tubes in terms of uniformity and surface to volume ratio is worse2. On the 
other hand, organic electrolytes have high electrical resistance which slows down the ion 
transports, therefore; they require longer anodization times and higher voltages. Organic 
electrolytes result in highly ordered long tubes ranging from couple of micrometers to 
thousand micrometers 14. Generally, TiO2 nanotubes fabricated in organic electrolytes 
have higher photo conversion efficiency than aqueous based TiO2 nanotubes. However, 
the tubes grown in organic electrolytes collapse easily and form nanowires bundles. In a 
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previous work 15, we reported that the surface layer of nanotubes can be completely 
removed by a mild sonication resulting in highly ordered TiO2 nanotubes that hide under 
the bundles. 
Since platinum foil is used as a counter electrode in the anodization process the process 
will be expensive for the large scale production. Therefore, much research is being 
focused on replacing the cathode material (Pt) with other materials. Recently, Allam et 
al. 16 reported the morphologies and optical properties of different cathode materials for 
TiO2 nanotubes in both aqueous and organic electrolytes. It was revealed that some 
materials such as Fe, Co, Pd and C show promising results to replace the conventionally-
used and expensive Pt cathode. However, the quality of the TiO2 nanotubes was poor in 
most cases. Even though the Fe-cathode resulted in the highest photo conversion 
efficiency (PCE) 6.9% illuminated under 100 mW/cm2 315–400 nm, but cathode stability 
was a big concern in aqueous based electrolyte.  However, no cathode loss was observed 
and the tubes quality was high in the terms of uniformity in organic based electrolyte.  
Moreover, no clogging with surface debris was observed.  But the PCE of TiO2 
nanotubes was lower. The highest PCE under illumination with 100 mW/cm2 was less 
than 6%.  
In this work, we propose the use of Ti as cathode.  We used sonication to assist 
fabrication of TiO2 nanotubes under potentiostatic conditions in fluorinated ethylene 
glycol and 5% water.  Under a range of anodizing conditions, we achieved highly ordered 
TiO2 nanotubes. To the best of our knowledge, this is the first report on synthesizing 
highly ordered TiO2 nanotubes in a reproducible manner by using Ti as a cathode with a 
photoelectrochemical water splitting efficiency (PCE) of 29% under UV(315-400 nm, 
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100 mW/cm2) irradiation. This PCE is one of the highest reported so far. No loss on 
cathode was detected.  
.  
4.3 Material and methods 
 
The Ti foil (0.8 mm thickness, 99.6 % purity) and all chemicals were purchased from 
Alfa-Aesar (Ward Hill, MA, USA). Prior to anodization, the titanium foil was cleaned by 
using distilled water and acetone. It was then dried off in air, etched in 3.4 M HF plus 5M 
HNO3 for 30 s, rinsed with deionized water, dried with air and used immediately.  
The polished Ti foil was anodized in an ethylene glycol solution containing NH4F 
(0.38 wt%) and H2O (1.79 wt%), and placed in a well-insulated bath for several hours at 
20~40V and at room temperature using a DC power supply (Keithley 2602, MetricTest, 
Hayward, CA). After the anodization, the sample was washed with distilled water and 
acetone and then dried off with air. In order to increase the adhesion force between TiO2 
layers with substrate, the prepared sample was annealed at 100 oC for 30 min and then 
sonicated for 30 s. The amorphous highly ordered TiO2 nanotubes were crystallized by 
annealing in an oxygen atmosphere for 3 h at 550 oC with heating and cooling rates of 
10 oC/min. 
The electrochemical anodization experiments were performed in a conventional two-
electrode cell. A Ti foil (10mm×20mm) was used as a counter electrode and a titanium 
sheet served as a working electrode. A Ti sheet of size 1 cm × 1 cm was pressed between 
a set of O-rings in the sample holder. A copper wire was located on the back side of the 
sample as the electrical contact, and then fixed in the electrochemical cell with an active 
anode area of 0.9 cm2 exposed to the electrolyte. During processing, the anode and 
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cathode were parallel with a separation distance of 2 cm. All anodization experiments 
were performed potentiostatically, under constant applied voltage, at room temperature. 
The microstructural morphological features of all the samples were examined with a field 
emission scanning electron microscope (FE-SEM, Hitachi S-5000, Tokyo, Japan). The 
crystalline phases were characterized by X-ray diffraction using a powder X-ray 
diffractometer (Rigaku RINT 2500, Tokyo, Japan) with Cu K radiation (λ = 1.54Å) at 40 
kV and 50 mA with a scan rate of 0.05 ◦/s and a scan speed of 1 ◦/min over a 2θ range 
from 20◦ to 90◦. Final samples were cleaned by Crest Ultrasonics (Model No: 275 HTA, 
Penang, Malaysia). UV lamp (Model: S480 S/N, Burlington, ON) was used as the UV 
light source (λ = 365.5 nm). The light intensity of 100 mW/cm2 was measured by UVX 
digital radiometer (E29004, UVP, Inc. Upland, C).   
4.4 Results and discussion 
4.4.1 Potentiostatic current transients and oxide film formation 
 
Three simultaneously occurring processes happen during the formation of nanotube 
arrays in a fluoride containing electrolyte 17: (1) field-assisted oxidation of Ti, (2) field-
assisted dissolution of Ti metal, and (3) chemical dissolution of Ti and TiO2 due to 
etching by fluoride ions. 
In the beginning, the electric field forces oxygen ions to diffuse from cathode to 
anode producing an ionic current. The thickness of TiO2 layer increases by the reaction 
between oxygen ions and the metal. This process of high-field ionic conduction is central 
to anodization. Since the electric resistance increases with the increase in the thickness 
and because the rate of oxide growth is proportional to the current density, higher current 
is generated by thinner TiO2 layer 18.  Figure 1 shows three potentiostatic current-time 
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plots for a titanium electrode in ethylene glycol (EG) electrolytes under different voltages.  
During the first 60 s, the external voltage increases from 0 to the specific voltage and then 
stays that level for 3 h. In the first 60 s, the current will increase due to the increase of 
voltage and then decreases rapidly because of the sudden increase of the oxide layer. The 
current stabilizes for some period of time during the equilibrium state between 
oxidization and dissolution and then decreases slowly along with the increase of the 
thickness of TiO2 layer (Figure 4-1b). It appears that a higher constant voltage results in a 
higher current. 
 
Figure 4-1: Current-time response of Ti samples anodized using Ti cathodes in ethylene 
glycol electrolytes for 3 hours, 1cm distance between anode and cathode: (a) voltage vs. 
time (b) current vs. time 
4.4.2 SEM images 
 
It is a challenge to fabricate highly ordered TiO2 nanotubes as shown in Figure 4-2b 
due to the collapse of the tubes after certain period of anodization time (Figure 4-2a). The 
as-prepared samples were annealed at 100 oC for 0.3 h followed by sonication at room 
temperature for 30 s  and then the highly ordered TiO2 nanotubes appeared as shown in 
Figure 4-2c 15. The tube length was also measured (Figure 4-2d).  Besides, the proposed 
method leaves no surface debris clogging the nanotubes and ensuring a higher PCE due to 
higher surface exposure (Figure 4-2b and 4-2c). The morphology and dimension of the 
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nanotube arrays were found to be influenced by the anodizing voltage. The wall thickness 
ranging from 6.5 to 14.6 nm, tube length stretching from 3.3 to 11.6 μm and tube 
diameters from 41.5 to 92.4 nm were achieved by changing the anodization potential as 
well as the distance between the anode and cathode.  They all increased with the increase 
of anodization voltage while the distance was kept constant. Overall, the higher PCEs 
were observed with the tubes that were anodized under a potential of 20V due to the 
smaller wall thickness 18.  
 
Figure 4-2: SEM images of TiO2 nanotubes fabricated under condition of 1cm between 
cathode and anode, 20 V constant voltage and 3 h anodization time. a) before sonication, 
b) after sonication, c) larger magnitude image and d) cross-section 
4.4.3 Roughness factor 
 
The physical surface area of the film per unit projected area is defined as roughness 
factor which has a crucial significance in different applications such as sensing and 
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catalysis. The geometric roughness factor is calculated by the following equation 
assuming the surface (4-1) 19 
G=                          (4-1) 
where D is the inner diameter, W is the wall-thickness and L is the tube-length.  
Equation (4-1) assumes all surfaces of the nanotubes to be perfectly smooth. However, 
because of the fluctuations in voltage, the actual surface is not smooth. Table 1 shows 
geometric roughness factor for nanotubes with different geometries. It shows that higher 
surface area is more easily obtained at higher voltages which also correlate with the high 
photocurrent conversion efficiencies. Meanwhile, small pore size also results in better 
photo conversion efficiency despite of lower roughness factor due to high surface to 
volume ratio (Table 4-1). 
Table 4-1: Summary of the nanotube wall thickness, tube diameter, aspect ratio, PCE% 
and length obtained at different voltages as well as different distances for a 3 h 
anodization in an ethylene glycol electrolyte containing 0.38 wt% NH4F and 1.79 vol% 
H2O 
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It is well-established that the properties of the nanotube arrays are dependent upon 
their specific architecture, including length, wall thickness, wall roughness, pore diameter, 
and tube-to-tube spacing. The geometrical features of the nanotube arrays are controlled 
by a variety of parameters including anodization potential, electrolyte composition and 
properties thereof (conductivity, viscosity), as well as anodization time, distance between 
two electrode and temperature.  
Supplied potential affects both the behavior of the electrochemical etching and the 
chemical dissolution due to the hydrolysis of titanium ions. With increasing voltage, the 
hydrolysis content increases and it, in turn, slows the rate of chemical dissolution. As 
shown in Table 4-1, longer nanotubes are formed at higher potential. For example, with a 
inter-electrodes distance of 1cm and with the increase from 20 V to 40 V, nanotube length 
increased from 3.3 μm to 11.6 μm; wall thickness and tube diameter also increased from 
6.5 nm to 12.6 nm and from 41.5 nm to 72.8 nm, respectively.  However, at a specific 
applied voltage, the pore size was almost independent of distance between anode and 
cathode.  
In general, the PCE depends on different factors such as the size, aspect ratio, 
roughness factor of the nanotube arrays and the annealing temperature, etc. All these 
factors together determine how much light can be trapped on the surface. The higher the 
amount of trapped light on the surface, the higher is the PCE. It is reported that the pore 
diameter of the nanotubes does not have significant effect on the PCE.  Increasing the 
tube length, however, has positive effect on the PCE. The minimum aspect ratio around 
3.0 is sufficient to trap most of the light.  However, it has been observed that an increase 
in aspect ratio leads to poorer performance due to the larger dark currents and a decrease 
in nanotube quality 20. In our case, the lowest aspect ratio gave the highest PCE (28.9%). 
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However, the highest aspect ratio gave the second lowest PCE (22.8%). The PCE results 
show that roughness factor has negative effect on the PCE, due to the higher level of 
scattering as shown in Table 4-1. 
4.4.4 XRD pattern 
 
The XRD results of the sample fabricated at 40 V and 1cm separation distance between 
cathode and anode for 3 hours is shown in Figure 3. It has been reported 20 that the higher 
annealing temperature results in higher PCE, due to the increased crystallinity of the 
nanotube-walls with the reduction of the amorphous regions and grain boundaries.  This 
will reduce the number of charge carrier recombination centers. However, above 600oC 
the PCE decreases because the nanotube-array architecture starts to collapse. In this 
regard, the annealing temperature of 550 oC was chosen in this work. After annealed at 
550 oC for 3 h, the sample was mainly composed of anatase TiO2 with a trace of rutile15. 
Linsebigler and his co-workers found that anatase has higher photocatalytic activity than 
rutile, whereas a mixture of anatase and rutile has higher photocatalytic activity than 
either anatase or rutile 21.   
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Figure 4-3: XRD results of TiO2 nanotubes fabricated under the condition of 1cm 
between cathode and anode, 40 V constant voltage and 3 hour anodization . 
4.4.5 Photoelectrochemical water splitting efficiency (PCE) 
 
The PCE of TiO2 nanotubes was measured by a three-electrode cell at room 
temperature under UV(100 mW/cm2) illumination in a 1M KOH solution 22. The samples 
were annealed at 550 oC for 3 h in air. The annealing temperature is very crucial to the 
PCE because when tube length exceeds several microns, the majority of charge carriers 
are photogenerated in the TiO2 nanotube wall, hence increasing crystallinity will 
significantly improve the photoelectrochemical properties of the TiO2 nanotubes23. 
However the annealing temperature cannot be increased above 600oC since TiO2 
nanotubes will be destroyed at high temperatures. The photo conversion efficiency of 
water electrolysis was calculated based on the following relations using equation (4-2):  
 
 PCE= [Jph(1.23-Eapp)×100%]/Io                     (4-2) 
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Eapp =             (4-3) 
where Jph is the photocurrent density; Eapp is applied potential which can be obtained 
from equation (4-3); Emeans is the potential applied to photo anode versus a reference 
electrode; Eoc is the open circuit potential of photo anode under illumination; I0 is the 
intensity of incident light.  Figure 4-4 (a) shows the photocurrent plots of as-anodized 
TiO2 nanotubes in 1M KOH solution as a function of potential applied to the photo anode 
with reference to an Ag/AgCl reference electrode. The photocurrent increases with 
increasing the applied potential up to certain point and then decreases.  Equations (4-2) 
and (3) give the photo conversion efficiency for hydrogen generation of annealed 
nanotubular arrays of TiO2 in 1M KOH is plotted as a function of external potential 
applied to the photo anode as shown in Figure 4-4(b).  
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Figure 4-4: Photo conversion efficiency (PCE) under UV illumination of a 
photoelectrochemical cell comprising TiO2 nanotube array photoanode, Ag/AgCl as 
reference and Pt counter electrode. (a) Photocurrent vs. external voltage (b) Photo 
conversion efficiency vs. external voltage 
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Figure 4-4 shows the photo current and corresponding photoconversion efficiency of 
the samples. Higher photo current corresponds to higher PCE. All TiO2 nanotubes exhibit 
PCE greater than 20%. The TiO2 nanotubes that were fabricated at 20 V show higher 
photocurrent and PCE followed by the TiO2 nanotubes fabricated at 40 V and 30 V. A 
maximum photoconversion efficiency of 29% was obtained for nanotubes that were 
anodized under the condition of 3 cm distance between two electrodes, 20 V applied 
potential and 3 h annealing time.  To the best of our knowledge, this is the highest 
reported photo conversion efficiency so far for TiO2 nanotubes under UV illumination. 
4.5 Conclusions 
 
We have used Ti as a cathode material during the electrochemical fabrication of TiO2 
nanotube arrays in non-aqueous electrolytes. Ti showed promising results to replace the 
conventionally used and comparatively expensive Pt cathode.  In terms of photo 
conversion efficiency, the highest PCE was achieved using Ti-cathode. Ti showed 
excellent stability in the EG electrolytes. The structure, morphology, and 
photoelectrochemical properties were studied in comparison to the nanotube arrays 
fabricated under different conditions such as: applied potential (20 V – 40 V) and distance 
between two electrodes (1 cm to 3 cm) with the same anodization time of 3 h. We show 
that highly ordered and strong photochemical responsive TiO2 nanotubes can be 
fabricated simply by changing the distance between two electrodes and applied potential 
during the anodization. This work not only opens a new way to engineer titanium dioxide 
nanostructures but also offers a big step towards producing cheap TiO2 nanotubes in large 
area. 
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5.1 Abstract 
 A one step method for the fabrication of Fe-C-N-codoped TiO2 nanotubes by 
electrochemical anodization is reported. The proposed method is both simple and efficient. 
The prepared samples were annealed at 550oC for 3 hours. The resulting nanotubes were 
characterized by SEM, XRD, XPS, EDX and UV-vis spectrophotometer. The results 
showed that the average tube diameter of the nanotubes was 70 nm and wall thickness 
was 20 nm and the average tube length was 2.4 µm. The doped TiO2 nanotubes exhibited 
strong absorption in visible-light region. The maximum photocurrent efficiency measured 
under solar simulator was 2.7%.  
Keywords: Titanium dioxide; Doping; Photocurrent efficiency; Photoelectrochemical; 
Hydrogen generation.   
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5.2 Introduction 
In recent years, growing attention has been paid to the design and fabrication of 
fine-structured metal oxides on the nanoscale and microscale because of their unique 
potential applications. Among the structured metal oxides, TiO2, in particular, has been 
extensively studied and put to use in microporous membranes1, dye-sensitized solar cells2, 
humidity chemical sensors3, water-splitting electronic devices, and hydrogen storage and 
sensing devices among others. Its role as an environmentally-friendly photocatalyst has 
also seen wide applications in dealing with environmental problems such as in the 
treatment of wastewater4. Titanium oxide’s photocatalytic role could be expanded even 
more broadly if it were not so limited by its large bandgap (Eg = 3.2 eV) which requires 
near-UV light (λ shorter than 380 nm) for activation. For preparing the nanostructure and 
microstructures of TiO2, various approaches have been reported such as the sol-gel 
process5, pyrolysis6, electron beam evaporation7, chemical vapor deposition8, 
atomic-layer deposition9, and the hydrothermal process10. Application of powder TiO2 in 
aqueous solutions suffers from the problem of handling the suspensions. By contrast, a 
solid array of TiO2 nanotubes grown directly on titanium plates offers the possibility of a 
more robust and economical solution by not only eliminating the above problem, but also  
being reusable after photocatalytic reactions. Thus, it is of great significance to prepare 
and develop unique TiO2 nanotubes which can work efficiently even under 
broad-spectrum visible light irradiation while having a high mechanical and physical 
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stability. By either doping or dye sensitization, it is possible to improve the optical 
sensitivity and activity of TiO2 nanotubes in the visible light spectrum. Doping of TiO2 
nanotubes with transition metal ions11, 12, 13 and non-metal ions14 using various doping 
approaches, have been reported. For example: ion implantation15, thermal annealing16 and 
Ti-alloys17, are among the reported doping techniques. It is well known that the 
electrochemically synthesized oxide films contain complicated anion species incorporated 
from the electrolyte. This phenomenon can be used to dope anion species into a TiO2 
nanotubular structure during anodization to significant levels (a few atomic %) by 
tailoring the electrolyte composition. Some research groups have demonstrated 
incorporation of non-metals such as F-P 18, Si 19, F-S 20, N 21, B 22 elements and metals 
such as Fe 23 and W 24 into a nanotubular structure during anodization. However, in the 
most of solution doping techniques, the electrolytes are aqueous based inorganic solution, 
therefore the resulting tubes have neither uniform structure no high density.   
In this study, the Fe-C-N-codoped TiO2 nanotubes were fabricated by a one-step 
electrochemical anodization process on titanium plate using 0. 38% K3Fe(CN)6  in 
ethylene glycol solution as an electrolyte. The resulting nanotubes were not only highly 
organized but also had high density. This simple and efficient one-step process, includes 
both fabrication and Fe-C-N-codoping of TiO2 nanotubes. The prepared samples were 
annealed in air at 350oC and 550oC, respectively, and characterized by SEM, XRD, XPS, 
EDX, and UV-vis spectrophotometer. The results showed that the average tube diameter 
of the nanotubes was 70 nm, wall thickness was 20 nm, length-to-diameter aspect ratio 
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was about 34, and the average tube length was 2.4 µm. The doped TiO2 nanotubes 
exhibited strong absorption in the visible-light region.  
5.3 Experimental  
5.3.1 Preparation of TiO2 nanotubes 
The Ti foil (0.8 mm thickness, 99.6 % purity) and all chemicals were purchased from 
Alfa-Aser (Ward Hill, MA, USA). Prior to anodization, the titanium foil was cleaned by 
using distilled water and acetone. It was then dried off in air then etched in (3.4 M 
HF+5M HNO3) for 30 s and immediately rinsed with deionized water, dried with air and 
used immediately.  
  The polished Ti foil was anodized in an ethylene glycol solution containing 
NH4F (0.38 wt%) and H2O (1.79 wt%) and placed in a well-insulated bath for 3 h at 30 V 
and at room temperature using a DC power supply. The textured Ti surface was obtained 
by removing the first anodized TiO2 nanotubular layer with adhesion tape. Subsequently, 
the second anodization was performed for 3 h in a solution of glycol NH4F (0.38 wt%), 
H2O (1.79 wt%), and K3Fe(CN)6 (0.38 wt%). The anodization current was monitored 
with a computer. After the second anodization step, the sample was washed with distilled 
water and acetone and then dried off with air. An anatase TiO2 structure was made by 
annealing the as-anodized samples in air at 550 ◦C for 3 h at a heating rate of 10◦C/min. 
The electrochemical anodization experiments were performed in a conventional 
two-electrode cell. A platinum foil (10mm×20mm) was used as a counter electrode and a 
91 
 
titanium sheet served as a working electrode. A Ti sheet of size 1 cm × 1 cm was pressed 
between a set of O-rings in the sample holder. The Pt wire was located on the back side of 
the sample as the electrical contact, and then fixed in the electrochemical cell with an 
active anode area of 0.9 cm2 exposed to the electrolyte. During processing, the anode and 
cathode were parallel with a separation distance of 2 cm. All anodization experiments 
were performed potentiostatically, under constant applied voltage, at room temperature. 
The electrochemical anodization was carried out by using a source meter (Keithley 2602) 
interfaced to a computer. The microstructural morphological features of all the samples 
were examined with a field emission scanning electron microscope (FE-SEM, Hitachi 
S-5000, Tokyo, Japan) equipped with an energy dispersive X-ray analyzer unit (EDXA). 
The elemental compositions of the samples were determined by EDX analysis. The 
crystalline phases were recorded by X-ray diffraction using a powder X-ray 
diffractometer (Rigaku RINT 2500, Tokyo, Japan) with Cu K radiation (λ= 1.54Å ) at 40 
kV and 50 mA with a scan rate of 0.02 ◦/s and a scan speed of 1 ◦/min over a 2θ range 
from 20◦ to 90◦. The results in the elemental compositions were determined by X-ray 
photoelectron spectroscopy (XPS, Perkin Elmer,Waltham, MA, USA) and EDXA. The 
XPS analyses were carried out with a Kratos Axis Ultra spectrometer using a 
monochromatic Al K(alpha) source (15mA, 14kV). XPS can detect all elements except 
hydrogen and helium, probes the surface of the sample to a depth of 5-7 nanometres, and 
has detection limits ranging from 0.1 to 0.5 atomic percent depending on the element. The 
instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for 
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the Au 4f7/2 line for metallic gold and the spectrometer dispersion was adjusted to give a 
BE of 932.62 eV for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer 
system was used on all specimens. Survey scan analyses were carried out with an analysis 
area of 300 x 700 microns and pass energy of 160 eV. High resolution analyses were 
carried out with an analysis area of 300 x 700 microns and pass energy of 20 eV. Spectra 
have been charge corrected to the main line of the carbon 1s spectrum (adventitious 
carbon) set to 284.8 eV. Spectra were analysed using CasaXPS software (version 2.3.14). 
UV-vis diffuse reflectance absorption spectra were measured using a UV-VIS-NIR 
spectrophotometer. 
5.3.2 Photoelectrochemical characterization 
The photocurrent spectra were recorded by a home-made photoelectrochemical 
measurement system with using LPX150 Xe-lamp in the range of 250-600 nm.  The 
electrochemical characterization was carried out by measuring the open circuit potential 
(OCP) of the sample under visible light illumination. The sample of the doped TiO2 
nanotube films electrode served as the working electrode, and a Pt sheet was used as the 
counter electrode. The testing electrolyte was 1M KOH solution. For the photopotential 
measurement, the sample was illuminated using a 150W high-pressure Xe lamp. The 
photopotential was obtained when the OCP reached a stable value under an illumination. 
A computer controlled power supply (Keithley 2602, Hayward, CA, USA) was employed 
to control the potential and record the photocurrent generated. A 300W solar simulator 
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was used as light sources. The light at the 100W power level was passed through a 400 
nm cut filter which allowed wavelength only between 400-700 nm to be incident upon the 
photo-anode. The intensity of the light was measured by a radiation power and energy 
meter. The incidence light intensity on the sample is measured as 63 mW/cm2. The 
external potential was applied to the anode at a scan rate of 20 mV/sec under illumination 
and the photocurrent was recorded. The potential of the open circuit was measured by 
digital multimeter during the illumination.    
5.4 Results and discussion  
5.4.1 FE-SEM images of TiO2 nanotubes 
  It was apparent from Figure 5-1 FESEM images that the nanotubes are open on 
the top and closed at the bottom. Although the surface is not very uniform, almost every 
tube grows straight and highly-ordered. The length, average tube outer diameter and wall 
thickness were 2.4 µm, 70 nm and 20, nm respectively, with a length-to-diameter aspect 
ratio of about 34.  The tubes had no ripples on their walls and they were entirely smooth 
and clean over their length from SEM images. 
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Figure 5-1: SEM images of Fe-C-N-codoped TiO2 nanotubes 
5.4.2 UV-vis and XRD results 
The UV–vis diffuse reflectance absorption spectra of TiO2 nanotubes are shown 
in Figure 5-2. There are some differences of absorbance response between as 
prepared, annealed at 350 oC and at 550oC of TiO2 nanotubes. The absorbance 
response of as prepared TiO2 nanotube exhibits lower absorption in visible light 
region, whereas the annealed TiO2 nanotubes show a red-shift and stronger 
absorption in the range of wavelength from 350 to 600 nm. The absorbance responses 
can be explained in terms of surface color and crystalline structure of titanium 
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dioxide nanotubes. The color of annealed TiO2 nanotube layer was blue with heat 
treatment at 350 oC and dark brown at 550 oC, respectively. However, the color of 
anodic TiO2 nanotubes without heat treatment was light yellow which causes more 
absorption in the ultra violet region and reflection in visible light region than that of 
TiO2 nanotube with heat treatment. In the case of TiO2 film annealed at 350 oC as 
shown in Figure 5-2 (UV-vis), the absorption onset around 430 nm was observed. 
The TiO2 nanotubes annealed at 350 oC (Figure 5-2) showed a slight red-shift which 
can be attributed mainly to the light absorption of blue color on titanium. 
 
Figure 5-2: UV-vis of TiO2 nanotubes 
 
However, for TiO2 film annealed at 550 oC, the position of the absorption onset was 
observed around 480 nm, as phase transition of anatase into rutile phase takes place and 
the rutile phase starts to form. The wavelength of 475 nm means that energy of band gaps 
for the anodic TiO2 films annealed at 550 oC represent about 2.7 eV26. The UV–vis 
96 
 
spectra in Figure 5-2 are consistent with the changes in crystalline structure observed with 
the X-ray diffractometer 27 in Figure 5-3. 
 
Figure 5-3: XRD patterns of TiO2 nanotubes 
5.4.3 XPS and EDX results 
Investigation of the oxidation state of the Fe, C and N dopants were carried out by 
XPS. The Fe-C-N-codoped TiO2 nanotube arrays contained Ti, O, N, and C. The binding 
energies of Ti 2p, O 1s, N 1s, and C 1s were 459.7, 531.0, 400.9 and 286.1 eV, 
respectively (Figure 5-4). Among them, C could be come from CN-, the residual carbon 
from the precursor solution and the adventitious hydrocarbon from the XPS instrument 
itself 28. 
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Figure 5-4: XPS results of Fe-C-N codoped TiO2 nanotubes 
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The effectiveness of nitrogen doping into titanium nanotubes was confirmed by XPS 
spectra. As shown in Figure 5-4, a strong signal with its peak at 399.8 eV appears in the N 
1s region and the content of nitrogen is about 0.7%. The state of nitrogen doped titania 
identified according to the binding energy of N 1s, can vary from 396 to 401 eV when 
different synthesis routes and nitrogen sources are employed. The difference in the 
binding energy of N 1s indicates different electron density around the N and hence 
variable chemical environments in the lattice structure of titanium where doped nitrogen 
is located. For nitrogen doped with the lower binding energy of around 396 eV, the β-state 
N atoms are generally accepted, namely the formation of a N–Ti–N structure in the 
titanium. On the other hand, the formation of O–Ti–N structure by partially substituting O 
atoms with N atoms can lead to higher binding energy of N 1s because of the smaller 
electronegativity of N compared to O, which corresponds to the state of doped nitrogen 
with the binding energy of around 400 eV. From the analysis above, the state of nitrogen 
doped in our case should be the lattice, namely the formation of N–Ti–O structure 21.  
The same technique was used to investigate the chemical compositions of C-doped 
TiO2 annealed at 550 °C. Figure 3 shows the high-resolution spectra of C 1s in which the 
C 1s peaks can be fitted as three peaks at binding energies of 284.8 eV, 286.3 eV and 
288.5 eV, implying three different chemical environments of carbon existing in the 
sample. The peak at around 284.8 eV was assigned to carbon adsorbed on the surface of 
the photo catalyst as a contaminant.  While the peak at 286.3 eV was ascribed to the 
existence of C-O bonds, the peak was detected around 289 eV, suggesting carbonate 
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species.  No obvious signals were detected around 281.5 eV and 283 eV showing that 
the amount of Ti-bonded carbon was very low 29 , 30 .  
Since K3Fe(CN)6 is ionized to K+ and Fe(CN)63- in the solution, it is obvious that 
trace amounts of Fe should be mixed to the titanium while C and N are doped. However, 
no appreciable signal related to Fe (281.5 eV) was observed by XPS, showing that the 
amount of Ti-bonded Fe was very low. Fortunately, EDX clearly shows Fe signals (Figure 
5-5a) in comparison to the undoped TiO2 nanotubes (Figure 5-5b). Therefore, according 
to the composition of N (0.7%), the Fe- composition can be estimated as ~ 0.1%.  
 
Figure 5-5: EDX results of TiO2 nanotubes: a) Fe-C-N-codoped and b) undoped 
5.4.4 Photo conversion efficiency 
The photo conversion efficiency of water electrolysis is calculated based on the 
following relation31 
                     (1) 
Eapp =             (2)  
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Where Jph is the photocurrent density; Eapp is applied potential which can be obtained 
from eq. (2); Emeans is the potential applied to photo anode versus a reference electrode; 
Eoc is the open circuit potential of photo anode under illumination; I0 is the intensity of 
incident light.  Figure 5-6 (a) shows the photocurrent and dark current plots of as 
anodized TiO2 nanotubes in 1M KOH solution as a function of potential applied to the 
photo anode with reference to a Ag/AgCl reference electrode. It is obvious that the 
photocurrent increases with increasing the applied potential to the anode. The 
photocurrents developed under illumination were compared with that in the dark. It shows 
that almost no current was developed in the dark. Based on the eqs. (1) and (2), the photo 
conversion efficiency into hydrogen generation of annealed nanotubular arrays of TiO2 in 
1M KOH is plotted as a function of external potential applied to the photo anode as 
shown in Figur 5- 6(b). It is observed that the maximum photo conversion efficiency of 
TiO2 nanotubular arrays annealed at 550oC for 3h was 2.7% in 1M KOH;  the maximum 
photocurrent was 1.06 mA under illumination power of 63 mW/cm2  and the photo 
current without external potential was 0.56 mA.  The best photo conversion efficiency 
into hydrogen generation of coped TiO2 nanotube reported so far by Raja et al.26 is 
around 4% in KOH. 
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Figure 5-6: Photo current and photocurrent efficency diagrams of TiO2 nanotubes. a) photo current b) 
photo conversion efficiency 
 
5.5 Conclusions 
A new and simple modified anodization method was utilized to fabricate  Fe-N-C 
doped and highly ordered TiO2 nanotubes which exhibit strong visible light absorption 
and small band gap Eg = 2.7 eV. The enhancement of photo activity can be attributed to 
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not only the huge surface area of TiO2 nanotube but also to possible band gap states 
created by addition of Fe, N and C into TiO2 nanotube lattice during the anodization 
process. The resulting nanotubes exhibited the maximum photo conversion efficiency 
around 2.7% in 1M KOH. 
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Optimization of Photoelectrochemical Water Splitting 
Efficiency for Hydrogen Generation of N-doped TiO2 
Nanotubes 
 
 
 
 
 
 
 
 
 
 
 
A version of this chapter will be submitted to publication  
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6.1 Abstract 
Highly ordered nitrogen-doped titanium dioxide (N-doped TiO2) nanotube array 
films with enhanced photoelectrochemical water splitting efficiency for hydrogen 
generation (PCE) were fabricated by electrochemical anodization, followed by annealing 
under nitrogen atmosphere. Morphology, structure and composition of the N-doped TiO2 
nanotube array films were investigated by FESEM, XPS, UV-vis and XRD. The effect of 
annealing temperature, heating rate and annealing time on the morphology, structures, and 
photoelectrochemical property of the N-doped TiO2 nanotube array films were 
investigated. A design of experiments (DOE) method was applied in order to minimize 
the number of experiments and obtain response surface and regression models for this 
system. From the modeling results, optimum values for the influential factors were 
obtained in order to achieve the maximum PCE. The optimized experiment resulted in 
7.42% PCE which was within 95% confidence interval of the predicted value by the 
model.  
Key words: Photoelectrochemical water splitting efficiency (PCE), TiO2 nanotubes, 
Nitrogen doping, Design of experiments, Optimization  
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6.2 Introduction 
TiO2 nanotubes (NTs) are considered as one of the best alternative for 
photo-electrochemical materials. TiO2 in particular has been extensively studied and put 
to use in microporous membranes1, dye-sensitized solar cells2, chemical sensors3, 4, 
water-splitting electronic devices 5,6,7, and hydrogen storage 8,9. The large energy band 
gap (3.2 eV) is the main drawback back for optical response of these types of materials 
under visible light.  The optical response of TiO2 NTs is closely related to its chemical 
composition, atomic arrangement and physical dimension. These properties of TiO2 NTs 
can be altered by doping in which either O or Ti is replaced by other elements.  The 
various metal and non-metal have been doped into TiO2 NTs lattice through solution 
doping10, hydrothermal method11, ion-implantation12 and flame annealing13. Among all 
other doping, N-doping is considered to be one of the most conventional methods due to 
easier substitution of O because of high electro negativity. Although the N-doped TiO2 
nanotubes arrays have shown to be the most effective at narrowing the band gap, the 
optical response of the materials is not always enhanced with increasing of nitrogen 
inside TiO2 lattice. Based on their calculation Asahi et al.,14 believe that band gap 
narrowing will occur when nitrogen substitutes around 6% to 12% oxygen sites. In 
contrast, Okato et al.,15 claimed that high concentration of nitrogen inside TiO2 lattice 
will not change the band gap. Some researchers also believe that the nitrogen can become 
a recombination centre for photo generated electron-hole pair 16,17. Obviously, this is the 
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area that needs further investigation. However, in practical application of view, finding 
the optimized condition for nitrogen doping by which the TiO2 gains the best photo 
response becomes crucial. 
Although there has been a lot of interest on N-doped TiO2 nanoparticles and film, 
only few reports have been published on TiO2 nanotubes. For example, Dong et al., 
reported that an highly ordered and N-doped TiO2 NTs layer exhibits enhanced 
photocatalytic efficiency compared with their non-doped nanotubes according to the 
photocatalytic degradation of methyl orange under visible light irradiation18. Han et al., 
reported an enhanced energy-storage performance for Li ions when selectively doped 
with atomic N, TiO2-x N x nanotubes were applied19. N-doped TiO2 TNs as the 
photoanodes are used as cathodic protection materials of stainless steel20. The main 
reason for TiO2 nanotubes to have various applications because of following futures: (1) 
scattering and absorption of visible light can be strongly enhanced because of the high 
length to diameter ratio. (2) The highly ordered TiO2 nanotubes have much larger 
accessible surface area. (3) The 1D structure will facilitate electron transport along the 
longest direction.  
Nitrogen can be doped into TiO2 lattice through various methods21-24. The 
calcinations of the TiO2 nanotube arrays under the flow of NH3 25, 26, 27 was used as one 
of the conventional hydrothermal method. However, NH3 is not only toxic but also 
destroys the nanotubular structure easily due to the high reactivity. In this regard, we used 
N2 gas as source of nitrogen.  
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In the present work, an optimal condition of nitrogen doping of self-organized anodic 
TiO2 NTs by thermal annealing under N2 gas is explored.  Since a specific 
nanostructuring is crucial for photolysis or photocatalytic applications, an optimal 
material architecture is required that limits recombination of photogenerated charge 
carriers. In this regard, our main focus is investigating the relationship between 
Photoelectrochemical water splitting efficiency (PCE) and amounts of nitrogen inside the 
lattice. The nitrogen doping process involves two steps. First of all, TiO2 NTs were 
fabricated through anodization and then annealed under N2 atmosphere with different 
heating rates, annealing times and temperatures. During the nitrogen doping under 
hydrothermal process, the integrity of the TiO2 tubular structure remained unchanged. 
Although a considerable amount of work has been conducted in the field of TiO2 NTs, 
very few published studies are available which use a thorough statistical approach to 
optimize the process and achieve specific targets in terms of photoelectrochemical water 
splitting efficiencies. DOE provides a method to first conduct a study in a systematic way 
with a small number of experiments, and second to statistically analyze and investigate 
the results with respect to correlations, or causality relationships between factors and 
responses. Optimal photoelectrochemical water splitting efficiencies were obtained by 
Design of Experiment (DOE) and the optimized theoretical result was evaluated by 
experiment.  To the best of our knowledge, this is the first time report on the systematic 
optimization of photo response of N- doped TiO2 NTs at nanoscale.  
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6.3 Experimental 
6.3.1 Preparation of TiO2 nanotubes 28, 29  
The Ti foil (0.8 mm thickness, 99.6 % purity) and all chemicals were purchased from 
Alfa-Aesar (Ward Hill, MA, USA). Prior to anodization, the titanium foil was cleaned by 
using distilled water and acetone. It was then dried off in air then etched in (3.4 M 
HF+5M HNO3) for 30 s and immediately rinsed with deionized water, dried with air and 
used immediately.  
 The polished Ti foil was anodized in an ethylene glycol solution containing NH4F 
(0.38 wt%) and H2O (1.79 wt%), and placed in a well-insulated bath for several hours at 
30 V and at room temperature using a DC power supply. After the anodization, the sample 
was washed with distilled water and acetone and then dried off with air. In order to 
increase the adhesion force between TiO2 layers with substrate, the prepared sample was 
annealed at 100oC for 30 min and then sonicated for 30 sec.  
6.3.2 N-doping  
Thermal annealing was performed in pure N2 gas. The samples were treated in a pipe 
furnace with a quartz glass tube with N2 flow of 250 ml/min through the tube at 350oC to 
600oC and duration of 2 to 6 hours. The TiO2 nanotubes were gradually heated up at a 
rate of 10oC/min and 25oC/min from room temperature to the temperature of interest and 
then held at this temperature for the remaining time.  Finally, the furnace was shut down 
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and the samples were cooled down to room temperature. Scheme 6-1 shows the details of 
heat-treatment scheme1. 
 
Scheme 6-1: The heating-treatment of the samples with heating rate of 10oC/min and 
25oC/min  
6.3.3 Analytical methods 
During processing, the anode and cathode were parallel with a separation distance of 
2 cm. All anodization experiments were performed potentiostatically, under constant 
applied voltage, at room temperature. The electrochemical anodization was carried out by 
using a source meter (Keithley 2602) interfaced to a computer. The microstructural 
morphological features of all the samples were examined with a field emission scanning 
electron microscope (FE-SEM, Hitachi S-5000, Tokyo, Japan) equipped with an energy 
dispersive X-ray analyzer unit (EDXA). The crystalline phases were recorded by X-ray 
diffraction using a powder X-ray diffract meter (Rigaku RINT 2500, Tokyo, Japan) with 
Cu K radiation (λ= 1.54Å) at 40 kV and 50 mA with a scan rate of 0.02 o/s and a scan 
speed of 1o/min over a 2θ range from 20oto 90o. The results in the elemental compositions 
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were determined by X-ray photoelectron spectroscopy (XPS, Perkin Elmer,Waltham, MA, 
USA) and EDXA. The XPS analyses were carried out with a Kratos Axis Ultra 
spectrometer using a monochromatic Al K(alpha) source (15mA, 14kV). A UV-vis 
spectrophotometer (Shimadzu 3600) equipped with diffuse reflectance cell was used to 
obtain UV spectrum.   
6.4 Design of Experiment (DOE) 
In order to estimate interaction and accordingly to estimate the shape of the response 
surface, the central composite design (CCD), which is one of the response surface method 
(RSM) was used in this study. In CCD, in addition to the “high” and “low” levels, center 
point and intermediate levels were also considered.  
   DOE methodology consisted of designing the experiments, obtaining the 
experimentally obtained responses, performing surface response analysis and modeling.  
The initial point of modeling is the computation of the effects. This effect list will suggest 
the appropriate model type with or without interaction. The models were estimated from 
regression analysis. For an k-run experimental design, the model for the experimental 
data can be described as follows: 
                              (6-1) 
   where, y is response data for one of the outputs for an experiment, b0, b1 , b2 and 
b3 are the model intercept, the matrix of the regression coefficients for individual factors, 
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and for two factor interaction, respectively. Xi and Xj are the matrixes of individual factor 
values for k runs and e is a vector of independent error from the experiment. The least 
squares regression technique was used to obtain the model coefficients.  
Analysis of Variance Models (ANOVA) was used to check the selected model and 
examine the F tests on the regression coefficient. The F test provides information about 
eliminating the insignificant coefficients. Residual analysis, related diagnostics plots and 
calculation of model characteristics were used to verify the correctness of the model and 
ANOVA assumptions.  
   The regression model predicts the response values in a predefined range of 
factors. However, it is desirable to predict the model responses within real limitations and 
constraints for the factors and certain goals for the responses. In DOE analysis, this step is 
called optimization and it is based on the best-obtained regression model. In this study, it 
was attempted to achieve maximum values for PCE with respect to the predetermined 
influential factor. The graphical optimization was performed to find the best (optimal) 
factor levels to simultaneously satisfy all operational constraints.  
6.5 Results and Discussion 
6.5.1 Preparation and Characterization 
6.5.1.1 SEM images 
The TiO2 nanotubes were fabricated under same conditions. The SEM images 
(Figure. 6-1) of the TiO2 nanotube surfaces show that although both of N-doped surfaces 
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have more cracking compared to the un doped surface and the surface color was changed 
from light brown to dark blue, the TiO2 tubular structures still remain the same in terms 
of average pore size (60 nm), wall thickness (10 nm) and tube length (4.4 μm). This can 
be explained by following; firstly, the annealing temperature is not high enough to 
convert the anatase crystal structure of TiO2 nanotubes into rutile which may cause the 
surface distortion and eventually break the tube 30. Secondly, the level of N-doping was so 
low that there were not enough disturbance on the tubular structure. Normally, the highest 
annealing temperature should be lower than 650oC in ordered to keep the tubular structure. 
In this study, 600 oC was chosen as the highest temperature and results show that the tube 
structures were well maintained as shown in Figure 6-1.   
 
 
Figure 6-1: SEM images of the TiO2 nanotube surfaces a) Before N-doping, b) N-doping 
at 350oC for 6h c) N-doping at 600oC for 6h 
 
6.5.1.2 XRD patterns 
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Figure 6-2:  XRD patterns of N-doped TiO2 nanotubes 
The XRD patterns of TiO2 nanotubes arrays are shown in Figure 6-2. The N-doping 
processes were under the nitrogen atmosphere. Only the XRD spectrums at the lowest and 
the highest temperatures, the longest annealing time and the lowest and the highest 
heading rates were selected due to the representative characters of these samples. 
Although there are no major differences between the samples which annealed at 350oC 
and 600oC and they are mostly in anatase form, the rutile form started forming at 600oC. 
Interestingly, the rutile forms only by incorporating the heating rate of 25oC/min, not 
10oC/min because as the overall annealing time does not change, the sample stay longer 
at 600oC under quicker heating rate than that of slower. 
6.5.1.3 Photoelectrochemical water splitting efficiency (PCE)  
The PCE of TiO2 nanotubes array was measured by three-electrode at room 
temperature under 400 nm cut-off filter with 150 mW/cm2 illumination in a 1 M KOH 
solution. The photo conversion efficiency of water electrolysis was calculated based on 
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the following relations:  
   (6-2)                                                              
Eapp =      (6-3)                                                                   
Where Jph is the photocurrent density; Eapp is applied potential which can be obtained 
from equation 6-3; Emeans is the potential applied to photo anode versus a reference 
electrode; Eoc is the open circuit potential of photo anode under illumination; Io is the 
intensity of incident light.  The PCE vs potential bias of optimized sample (at 567oC, 
heating rate of 17.6 and annealing time of 2h) is shown in Figure 6-3.  The maximum 
PCE of 7.42 % was achieved under bias of 0.62V. The maximum PCE of the rest of the 
samples are shown in the Table 6-1.  
 
Figure 6-3: Photo current and photoelectron conversion efficiency as a function of 
measured potential bias vs/AgCl reference electrode of N-doped TiO2 nanotube arrays 
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under optimized condition. 
The samples were annealed at 350oC, 475oC and 600oC for 2 h, 4h and 6 h 
respectively under N2 atmosphere through the nitrogen doping process.  Table 1 shows 
the corresponding photoconversion efficiency of the all fourteen samples. It has been 
reported that when the nanotube length exceeds several microns, the great majority of the 
charge carriers are photogenerated in the nanotube walls31; hence, nanotube 
photoelectrochemical properties are significantly improved by increased crystallinity of 
the nanotube walls. The higher photoconversion efficiencies are obtained for nanotubes 
annealed at the higher temperatures. However there are two exceptions such as; the 
highest PCE (6.73%) was obtained at 350oC, heating rate 25oC/min and total 6h of 
annealing time and the second lowest PCE (2.76%) was appeared at 600oC, heating rate 
25oC/min and total 6h of annealing time may be due to the following reasons. As we see 
from Figure 6-2 the crystallinities of the samples are not much different at 350oC and 
600oC. However, when the higher heating rate was applied, the annealing time at specific 
temperatures was longer because the maximum temperature was reached faster. In the 
case of 350oC, the sample was at 350oC long enough so that the TiO2 nanotube arrays 
were fully crystallized to anatase form as shown in Figure 6-2, which resulted in high 
PCE. In the case of the high final temperature of 600oC, the sample was exposed to high 
temperature of 600oC for longer time and consequently changed to rutile form therefore 
the efficiency may decrease. 
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Table 6-1: PCE of TiO2 nanotubes were annealed at different conditions under N2 flow 
(250 ml/min). 
 
6.5.1.4 XPS results 
In order to investigate the amounts and the chemical states of nitrogen on surface the 
optimized sample XPS was performed.  Since the N1s assignment of the XPS is still 
under debate, the characteristic peaks were labelled according to the recent publication 32. 
 
 
Figure 6-4: High-resolution XPS spectra of optimized sample: a) N 1s, b) O 1s region and 
c) Ti 2p  
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In general, the XPS spectrum of the TiO2 single crystal exhibits Ti 2P3/2 peak at 
458.7 eV and O 1s peak at 530.3 eV.  After treatment with the optimized condition, the 
Ti 2P3/2 and O 1s peaks shifted to 458.6 eV and 529.85 eV, respectively (Figure 6-4b and 
4c). The shifts are mainly because of the nitrogen doping which causes partial electron 
transformation from the N to the Ti and an increase of the electron density on Ti due to 
the lower electronegativity of nitrogen compared to oxygen. The state of nitrogen doped 
into TiO2 lattice identified according to the binding energy of N 1s, can vary from 396 to 
401 eV when different synthesis routes and nitrogen sources are employed 33, 34, Although, 
there was no peaks around 396 eV observed, which is characteristic of N-3 and represents 
the Ti-N bonding, a signal with the binding energy of 398.5 eV appeared in N1s region 
and the content of nitrogen is 2.7 %. The signal at 398.5 eV can be ascribed to Ti-O-N or 
Ti-N-O oxynitride (Figure 6-4a). The other peak at 403.5 eV may represent absorbed 
nitrogen. One should notice that since XPS is surface characterization technique, the 
amount of nitrogen showed in XPS only represents the nitrogen on the surface not the 
bulk.  
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6.5.1.5 UV-vis results 
 
Figure 6-5: UV-vis spectrum of TiO2 nanotubes and Optimized sample 
All samples exhibit strong red shift in UV-vis spectrum. The band gap was estimated 
according to the literature 34. The band gaps were shown in Table1-1. In general, the 
optical absorption is a function of both film thickness and nitrogen concentration. The 
band gap which causes higher PCE was resulted by either mixing the nitrogen 2p states 
with O 2p states on the top of the valence band or the creation of the N-induced mid-gap 
level 35. There are three main external factors which can alter the crystallinity and 
amounts of nitrogen inside the TiO2 lattice including temperature, heating rate and 
annealing time under constant nitrogen atmosphere. Although the band gap directly 
related to the PCE, it does not necessarily meant that smaller the band gaps the higher the 
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PCEs. For example the band gap 2.49 eV results in a PCE of 5.91% but the band gap of 
2.33 eV shows PCE of 2.76 % (Table 6-1).  
6.5.2 Design of Experiment and Optimization  
6.5.2.1 Design of Experiment (DOE) 
   The experiments were performed according to the central composite design. The 
low and high values of studied process variables and are shown in Table 6-2.   
Table 6-2.Factors and Response 
 
Parameter Name Units Type 
Range 
 Low High 
Factors 
A Temperature °C Numeric 350 600 
B Heating Rate °C/h Numeric 10 25 
C Time h Numeric 2 6 
Response Y PCE % Numeric N/A 
 
 
 
The most important objective of DOE methodology employed in this study was to 
find the most influential factors and use this information to determine the optimal 
experimental conditions in order to achieve maximum PCE.  
   The contribution of each factor and their interaction was determined by the 
statistical analysis, and can be determined by looking at the model equation in terms of 
coded factors shown below: 
)3(06.017.190.013.002.107.138.070.033.043.6 222 CBABCACABCBAPCE −−−−−−−++=        
It was found that all the factors are significant; however factor B (Heating rate) is the 
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most influential factor on the studied response.  The interaction between all factors has 
also considerable influence on the response. 
   The validity of the developed statistical model can be examined by ANOVA table, 
which is shown in Table 6-3.  
Table 6-3: ANOVA Table 
Source 
Sum of  
Squares 
Degree of  
Freedom 
Mean 
Square 
F Value P-value 
Model 21.74 9 2.42 1.85 0.2900 
  A 0.73 1 0.73 0.56 0.4965 
  B 3.29 1 3.29 2.52 0.1876 
  C 0.95 1 0.95 0.73 0.4408 
  AB 5.65 1 5.65 4.32 0.1061 
  AC 5.18 1 5.18 3.97 0.1173 
  BC 0.09 1 0.09 0.07 0.8117 
  A2 2.01 1 2.01 1.54 0.2822 
  B2 3.40 1 3.40 2.60 0.1820 
  C2 8.10E-003 1 8.10E-003 6.20E-003 0.9410 
 
The correctness of the model is also evident from Figure 6-6, which depicts predicted 
vs. experimental values for the studied response.  
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Figure 6-6: Accuracy of the model prediction 
   Figure 6-7 shows the surface response of two factors (temperature and heating rate) 
on the photo conversion efficiency.  
 
Figure 6-7: Effect of Rate of heating and Temperature on response (Time=3.95h) 
 From the surface plot, it can be seen that there is a non-liner relationship between 
the output and the two factors. The maximum photo conversion efficiency is found in the 
mid ranges for both factors.  
125 
 
 
 
  Figure 6-8 shows the surface response of time and heating rate. From the plot it 
can be seen that both factors have opposite effect on the response at the low values and 
high values of its pre-specified range. At low values of temperature, increasing time 
results in the increase in photo conversion efficiency however, at high values of 
temperature this effect is negative.  
 
Figure 6-8: Effect of Time and Temperature on response (Heating rate=20oC/h) 
Figure 6-8 shows the effect of temperature and time on hydrogen generation, 
respectively. Both figures show the values of photo conversion efficiency at three levels 
of two above-mentioned factors. It is obvious that both factors have opposite effect at the 
high and low values of the other factor (i.e., increasing temperature at the low level of 
time factor has a positive effect on PCE, however increasing temperature the high level of 
time factor decreases PCE). This can be attributed to the high interaction effect between 
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these factors, which can be noted from Equation 3.   
6.5.2.2 Optimization 
Thus far, the effect of three studied factors on the specified response was investigated. 
The results confirmed that one factor could influence the response in a positive way, 
while others could have an effect in a negative way. Although the output models provided 
some insights into the significance of the studied factors, as well as into the interactions 
between them, the optimal operational condition was still not obvious.  Hence, an 
optimization of statistical results was needed. A graphical optimization method was used 
to obtain the optimal formulation. This method involved overlaying all model responses 
in the form of contour plots with specified constrains on inputs and desired goals. The 
target ranges based on typical requirements were set for each input, and the optimization 
was performed. In order to show the concept of optimization, the following optimization 
problem was chosen:
   
        
                       (4)
 
Figure 6-9 depicts the plot with the area in which the desired output can be obtained. 
The corresponding values of three studied factors are shown as well. The results were 
validated by performing three experiments using the formulation obtained from the 
statistical optimization and the optimal PCE obtained was 7.42%, which is within 95% 
confidence interval of the model.  
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Figure 6-9: Optimization results (Time=2h) 
6.6 Conclusions 
In summary, we prepared N2 doped, highly smooth and ordered TiO2 NTs by 
two-step process and then annealed under N2 atmosphere. The photoelectrochemical 
water splitting efficiencies (PCE) of the N2 doped TiO2 nanotubes under visible light 
were measured and used as the response for DOE optimization. The changing parameters 
are annealing temperatures, heating rates and annealing time respectively. The optima of 
these factors were determined based on the polynomial equations generated by response 
modelling and the optimal PCE was 7.26%. The optimal result was validated by 
performing real experiments using the formulation obtained from the statistical 
optimization and the average optimal PCE obtained was 7.42%, which is within 95% 
confidence interval of the model. The visible light active N- doped TiO2 nanotubes has 
potential application on water purification. 
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Chapter 7 
 
 
 
 
 
 
Photocatalytic activities of Pt/ZIF-8 loaded highly ordered 
TiO2 nanotubes 
 
 
 
 
 
 
 
 
A version of this chapter was published as:  
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activities of Pt/ZIF-8 loaded highly ordered TiO2 nanotubes. J. Mater. Chem., 2010, 20, 
10241-10245 
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7.1 Abstract 
The structural and photocatalytic properties of Pt/ZIF-8 (Zeolitic imidazolate 
frameworks) loaded TiO2nanotubes (TiO2 NTs) are investigated and compared to Pt/TiO2 
NTs. The loaded ZIF-8 nano crystallites were in the range of 20–40 nm and adhered well to 
the inner and outer lateral surfaces of the nanotubes. A uniform coverage of the ZIF-8 on 
the surfaces of TiO2 NTs was observed by SEM. EDX results revealed 18.1% loading of 
ZIF-8 on the TiO2 NTs. An increase in photocatalytic properties of ZIF-8 loaded TiO2 NTs 
was observed by photodegradation of phenol in a 15 mL batch reactor. The resulting 
Pt/ZIF-8 loaded TiO2 NTs composite were characterized by UV-vis, XRD and SEM. 
Key words: ZIF-8, TiO2 Nanotubes, Photo degradation, Pt deposition and Band gap. 
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7.2 Introduction 
In recent years, TiO2 nanotubes layer (TiO2 NTs) s have attracted much attention due 
to their unique advantages over TiO2 nanoparticles including larger surface-to-volume 
ratio, high charge transfer rate1, and promising applications in commercial devices such 
as in solar cells 2, 3, 4, 5, sensors 6 and water purification 7, 8, where the unique optical 
properties of TiO2 NTs have been exploited.  
To achieve higher efficiency, many researchers have improved TiO2 NTs properties 
by doping with different materials or forming composite materials. Usually the modified 
TiO2 NTs exhibit better performance under visible light than TiO2 TNs.   As a result of 
loading silica 9, carbon nanotubes 10, and zeolites 11 on TiO2 NTs, higher photo catalytic 
efficiency and better pollutant harvesting ability were achieved. Among these, 
microporous zeolitic materials are attractive due to their unique uniform pores and 
channel sizes (3–8 Å), high surface area, high adsorption capacity, and hydrophobic and 
hydrophilic properties. Recently, Paramasivam et al.11 have shown that under UV 
illumination, the ZSM-5 loaded TiO2 NTs composites show an  enhanced decay of 
organic pollutants up to 5.5% after 2h using a reactor with 2.7cm2  surface area of TiO2 
NTs on the titanium plate .  
Zeolitic imidazolate frameworks (ZIFs) that display zeolitic structural characteristics 
represent a rapidly growing family of organic molecular frameworks because of their high 
surface areas12 and selective adsorption properties 13. The structure of a ZIF closely 
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mimics the zeolitic frameworks, where the T−O−T bridges (T = Si, Al, P) in zeolites are 
replaced by M−Im−M bridges (M = Zn, Co, Cu). The T-O-T and M-Im-M bond angles 
are 145°. There is enormous potential for their applications ranging from gas storage 14, 15 
to catalysis 16, 17.  
 
Figure 7-1: (a) The single crystal of X-ray structure of ZIF-8:  ZnN4 is shown in blue 
polyhedra, and the links in ball-and-stick presentation. The yellow ball indicates space in 
the cage. H atoms are omitted for clarity (C, black; N, green). (b) ORTEP diagram of the 
asymmetric unit of the ZIF-8 framework 18. Reprinted from Banerjee, R.; Phan, A.; Wang, 
B.; Knobler, C.; Furukawa, H.; O'Keeffe, M.; Yaghi, O. M. Science 2008, 319, 939-943.  
Copy right (2008) with the permission from The American Association for the 
Advancement of Science. 
We investigate the photo catalytic properties of ZIF-8 loaded TiO2 NTs composite. In 
this work, 18.1% of ZIF-8 nano-particles were loaded on TiO2 NTs (wall thickness: ~13 
nm, pore size: ~70 nm, thickness of TiO2 NTs layer: 5.5 μm as shown in Supplementary 
Information Figure S-3) using in-situ growth of ZIF-8 crystallites (Figure 7-1) 12, 18 on the 
self-organized TiO2 NTs layer. 
The pore volume and surface area of prepared ZIF-8 were 0.32 cm3/g and 1100 m2/g 
(BET), respectively. The results are lower than reported in the literature (pore volume 
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0.662 cm3/g and surface area 1947 m2/g) 12. The objective was to combine the photo 
catalytic properties of TiO2 with strong adsorbing properties of ZIF-8 to generate a 
composite material with enhanced photocatalytic characteristics including higher 
photocatalytic degradation rate as well as better visible light response comparing to TiO2 
NTs. In order to accelerate the electron transfer process19, Pt nanoparticles were loaded on 
the ZIF-8/TiO2 NTs composite surface. The host-guest interactions between the TiO2 NTs 
and ZIF-8 nanoparticles were characterized by means of SEM, EDX, XRD, UV-vis and 
photo degradation of organic pollutants. The 18.1% ZIF-8 loaded TiO2 NTs composite 
material ( please see the Supplementary Information) exhibited remarkable improvement 
in its optical and photo catalytic behaviors, showing strong visible light absorption as well 
as stronger degradation capabilities even under visible light in comparison to the ZSM-5 
zeolite loaded TiO2 NTs, which was shown to be active under UV illumination only 11. 
The TiO2 NTs as a substrate for ZIF-8 provide well-defined geometry and improve the 
photo catalytic activity under visible light. TiO2 NTs contain well ordered pores to 
confine ZIF-8 nanoparticles. To the best of our knowledge, the photo catalytic 
performance of ZIF loaded TiO2 NTs has not been reported yet. 
7.3 Experimental   
7.3.1 Preparation of TiO2 NTs 
The TiO2 NTs were prepared by means of the anodizing process that we have 
developed in our group and reported previously 20, 21.  The Ti foil (0.8 mm in thickness 
136 
 
 
 
and 99.6 % in purity) and all chemicals were purchased from Alfa-Aesar (Ward Hill, MA, 
USA). Prior to anodization, the titanium foil was cleaned using distilled water and 
acetone by means of ultrasonic bath. It was then dried off in air, etched in acid solution 
(i.e. 3.4 M HF and 5M HNO3) for 30 s, rinsed with deionized water, dried in air and used 
immediately.  
 During the anodizing process, the anode and cathode were exactly parallel to each 
other with a distance of 2 cm. The polished Ti foil was anodized in an ethylene glycol 
solution containing NH4F (0.38 wt%) and H2O (1.79 wt%), and placed in a 
well-insulated bath for several hours at room temperature using a dc power supply. All 
anodization experiments were performed potentiostatically under constant applied voltage 
of 30V at room temperature. The electrochemical anodization was carried out by using a 
source meter (Keithley 2602, Metric Test, Hayward, CA, USA) interfaced to a computer. 
After the anodizing process, the sample was washed with distilled water and acetone and 
then air dried. In order to increase the adhesion force between TiO2 nanotube layers with 
substrate, the prepared sample was further dried at 100°C for 30 min and then sonicated 
for 30 s in dionized water. An anatase TiO2 structure was made by annealing the 
as-anodized samples in air atmosphere with a heating rate of 1°C/min from room 
temperature to 550°C and was kept at this temperature for 3 h. 
7.3.2 Preparation of ZIF-8 loaded TiO2 NTs 
According to the literature 22, a solution of Zn(NO3)2·6H2O (0.2933 g, 0.987 mmol) 
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in 20 mL of methanol was rapidly poured into a solution of 2-methylimidazole in 20 mL 
of methanol under stirring with a magnetic bar, while the TiO2 nanotubes disc were held 
vertically inside the glass reactor using  a particularly designed PTFE holder. The 
mixture that was kept in room temperature without mixing was slowly turned turbid after 
30 min, which indicated the starting point of ZIF-8 crystallization. The TiO2 disc was 
removed after 15 h of reaction, washed carefully with fresh methanol in an ultrasonic bath 
for 30 min, then dried in air atmosphere at ambient temperature and the composite was 
activated at 170°C for 24 h.  The produced ZIF-8 nanocrystals were also separated from 
the milky suspension by centrifugation. The resulting ZIF particles were washed with 
methanol and then dried at 60 °C in air. Finally, the ZIF nanoparticles were used for 
surface area measurement.  
7.3.3 Pt deposition  
 Pt deposition on the surface of ZIF-8 loaded TiO2 NTs was carried out by slight 
modification of an already reported procedure 23. ZIF-8 loaded TiO2 NTs were immersed 
into diluted H2PtCl6 solution for 1 h and then immediately immersed in 0.002 M NaBH4 
solution for 30 min. The resulting Pt/ZIF-8 loaded TiO2 NTs material was washed with 
water and dried under N2 atmosphere at ambient temperature.  
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7.3.4 Photo degradation 
Photocatalytic activity of the prepared composite was evaluated by phenol degradation 
in aqueous media under visible light illumination. The experiments were carried out in a 12 
mL cylindrical reactor with an open top. The initial phenol concentration (C0) was 52 ppm. 
The Pt/ZIF-8 loadedTiO2 NTs were fixed in the middle of the rector. The surface area of 
the plate which contained TiO2 NTs was 1cm2.  Before turning on the light illumination, 
the solution containing phenol and photocatalyst was stirred using a magnetic stirrer in a 
dark condition for 60 min in order to establish the absorption–desorption equilibrium. 
Then, the solution was irradiated with visible light (AM 1.5 filter, 100 mW/cm2) at constant 
stirring speed. The first sample was taken out at the end of the dark absorption period, just 
before the light was turned on, in order to determine the actual and exact phenol 
concentration in the solution, which was considered as the phenol initial concentration 
(C0). Sample portions of 0.2 mL were taken from the reactor every 30 min. Samples were 
analyzed by HPLC according to the standard procedure 24. The full chromatogram for each 
sample was recorded within the range of 0-5 min retention time. The retention time of 
phenol was of 2.57 min. Repeated tests were conducted to ensure the reproducibility. 
7.3.5 Analytical methods 
The micro-structural morphologies of all the TiO2 NT samples were examined with a 
field emission scanning electron microscope (FE-SEM, Hitachi S-5000, Tokyo, Japan) 
equipped with an energy dispersive X-ray analyzer (EDX). The elemental compositions 
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of the TiO2 NT samples were determined by EDX analysis. The crystallinity of the TiO2 
NT samples were measured by means of X-ray diffraction technique using a powder 
X-ray diffractometer (Rigaku RINT 2500, Tokyo, Japan) with Cu K radiation (λ = 1.54Å) 
at 40 kV and 50 mA with a scan rate of 0.02 degrees per second over a 2θ ranges of 5° to 
90°. Photo degradation was measured under the solar simulator (Sciencetech with AM 1.5 
filter, London, ON, Canada), light intensity (100 mW/cm2). A mercury vapour lamp 
(Heraeus TQ 150 medium-pressure) was located axially and held in a quartz window.  
HPLC (Agilent Technologies 1200 series, Santa Clare, CA, USA) analysis was performed 
using a UV detector (218 nm) and C8 column with water/methanol/phosphoric acid 
(59/41/0.1%; v/v) as eluent at a flow rate of 1 mL/min. The BET surface areas and pore 
size distributions were determined using nitrogen adsorption–desorption isotherms by 
means of an ASAP2010 instrument (Micromeritics Instrument Corporation, Norcross, GA, 
USA).  The pore size distributions were also calculated by the advanced 
Barrett–Joyner–Halenda (BJH) method using the adsorption-desorption branches of the 
isotherms. Prior to these measurements, the samples were degassed at 170 °C for 24 h in 
vacuum. 
7.4 Results and Discussion  
Figure 7-2(a) shows the top section view SEM images of the neat TiO2 nanotubes 
layer after anodic growth. After the ZIF-8 loading process, in the case of ZIF-8 loaded 
sample, almost all the nanotubes were uniformly covered with ZIF-8 nano particles 
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(Figure 7-2c) with layers of tightly inter-grown ZIF-8 crystals with dimensions ranging 
from 20-40 nm as it shown in Figure 7-2(b). From the micrographs, one can see that the 
ZIF-8 crystallites are not only visible on the top but also inside the nanotubes. The ZIF-8 
crystallites inside the nanotubes show very good adherence to the walls even after 
sonication. EDX spectrum that is shown in Figure 7- 2(d) clearly indicates the chemical 
analysis of the Pt/ZIF-8 loaded TiO2 NTs. The percentage of Pt and Zn are around 1% 
and 5.2%, respectively from EDX. The chemical composition of ZIF-8 is 
Zn(2-methylimidazole)2 and the corresponding  molecular weight is 227.6 g/mol. 
Therefore, 5.2% Zn from EDX represents 18.1% ZIF-8 loading.  For further details 
please refer to the Supplementary Information.   
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Figure 7-2: Top view SEM micrograph : (a) unloaded TiO2 NTs. (b) Pt/ZIF-8 loaded TiO2 
NTs. (c ) larger  magnitude  of Pt/ZIF-8 loaded TiO2 NTs. (d) EDX results of Pt/ZIF-8 
loaded TiO2 NTs 
Figure 7-3 shows the XRD patterns of as-prepared TiO2 NTs (i.e. TiO2 NTs arrays 
annealed at 550°C under air atmosphere for 3 h), as-synthesized ZIF-8 powders as well as 
the prepared composite material. The pattern that represents the 18.1% ZIF-8 loaded TiO2 
NTs sample, clearly exhibits ZIF-8 characteristic peaks at 2θ = 7.2°, 7.5°, 17.9° and 26.9° 
which ascertains the presence of the ZIF-8 on the surface of the TiO2 nanotubular 
skeleton. The characteristic peaks of ZIF-8 were slightly shifted due to the sample height 
displacement of ZIF-8 nanocrystals grown in the nanotube substrate compared to excess 
material collected as powder from the reactor bottom.  
 
 
 
Figure 7-3: XRD results of Pt/TiO2 NTs, Pt/ZIF-8 loaded TiO2 NTs and ZIF-8 
Figure 7-3 shows the XRD patterns of the annealed TiO2 NTs arrays at 550 oC under 
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ambient air for 3 h with and without ZIF-8 loading. For reference, the pattern of TiO2 NTs 
on titanium metal is also illustrated on the bottom. As shown, TiO2 NTs consist of the 
anatase phase (e.g. denoted as A in the pattern). The XRD pattern of all ZIF-8 loaded 
TiO2 NTs contains three very weak rutile peaks (i.e. denoted as R in the pattern) that can 
be neglected in terms of the influence of photo degradation activity of TiO2 NTs.  
 By means of diffuse reflectance UV-vis spectroscopy (see Figure 7-4), it was 
observed that all the Pt/ZIF-8 loaded TiO2 samples have an onset of absorption band 
significantly red shifted comparing to the Pt/TiO2 NTs.  This observation reveals that the 
Pt/ZIF-8 loaded TiO2 nanotube arrays were more sensitive to the visible light than the 
parent nanotube arrays.  
 
Figure 7-4: UV absorption spectra of Pt/ZIF loaded TiO2 NTs and Pt/TiO2 NTs 
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Band gap of the Pt/ZIF-8 loaded TiO2 NTs was measured to be 2.65 eV, according to 
a method developed by Barton et al. 25 (see Figure 7-5). They pointed out that UV-vis 
reflectance data cannot be used directly to measure absorption coefficients (R) because of 
scattering contributions to the reflectance spectra. Considering the weak dependency 
between scattering coefficients and energy, the Kubelka-Munk function (F(R)) can be 
assumed to be proportional to the absorption coefficient within the narrow range of 
energy containing the absorption edge features. Then, a plot of (F(R)×E)1/2 
(SQRT(F(R)*E) vs. E can be used to determine the absorption edge energy 25.  Therefore, 
a strong photo catalytic activity of the ZIF-8 loaded TiO2 NTs under visible light is 
assumed. 
 
 
 
Figure 7-5: Band gap measurement of Pt/ZIF loaded TiO2 NTs and Pt/TiO2 NTs 
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The photo catalytic oxidation mechanism is shown in Figure7-6.  During the photo 
catalytic oxidation process, the semi conductor (TiO2) is activated by exciting with UV 
light.  This excitation causes the electrons to jump from the valance band to the 
conduction band, resulting in the generation of high energy electrons and holes.  Both 
the electrons and the holes eventually generate hydroxyl radicals, which are responsible 
for the oxidation of the organics. Pt improves catalytic performance of TiO2 
semiconductor due to its electron trapping characteristic.  Pt is used to drive the 
equilibrium in favor of activation that causes suppressing recombination, thus the 
electron-hole induces photo catalytic process with higher efficiency26. Pratsinis et 
al.27 also pointed out that Pt/TiO2 photo catalysts favored a reductive pathway which was 
faster than the pathway followed by unloaded TiO2.  
 
 
 
Figure 7-6: Schematic illustration of photo oxidation mechanism of Pt promoted TiO2 
semiconductors 
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The general mechanism of phenol degradation is shown in Scheme 7-1. The highly 
active hydroxyl radicals are generated by Pt/ZIF loaded TiO2 NTs under visible light and 
then the hydroxyl radicals oxidize phenol (1) to hydroquinone (2) and then quinine (3) 
which is further oxidized to maleic acid (4). Finally, the (4) is oxidized to carbon dioxide 
and water 28.  
 
 
 
Scheme 7-1: Photo degradation of phenol 
Since the rate determining step is generation of hydroxyl radicals and the rest of 
oxidation steps are very fast, no intermediate was observed.   Photocatalytic activity of 
all samples was evaluated by measuring the decomposition rate of phenol under the 
irradiation of artificial solar light (1.5AM, 100 mW/cm2).  
Figure 7-7 shows the degradation of phenol in the presence of Pt/ZIF-8 loaded TiO2 
NTs for duration of 2 h of irradiation.  Under the visible light, the maximum 
photodegradation efficiency of Pt/ZIF-8 loaded TiO2 NTs is 18.6 % (see the Appendix D), 
which can be accounted by the lower band gap (i.e. 2.65 eV) of the developed composite. 
Around 3% photodegradation was observed in the presence of neat Pt/TiO2 NTs during 
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the same irradiation time which may be due to the combination of the presence of trace 
UV light and an oxidation effect by dissolved oxygen in the suspension. 
 
 
 
Figure 7-7: Photo degradation of Pt/ZIF loaded TiO2 NTs, Pt/TiO2 NTs and control 
7.5 Conclusions 
We have demonstrated a remarkable improvement for photo degradation of phenol by 
using Pt/ZIF-8 loaded TiO2 NTs.  The phenol degradation efficiency of Pt/ZIF-8 loaded 
TiO2 NTs and Pt/TiO2 NTs photo catalysts after 2 h of irradiation under visible light were 
18.6% and 3.0, respectively. The unique architecture of the composite material was 
achieved by adding the microporous ZIF-8 nano crystallites on the surface of TiO2 NTs 
and then coating by Pt nanoparticles. We combined large surface area as well as strong 
adsorbent properties of ZIF-8 with reducing charge recombination property of Pt/TiO2 
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NTs to produce highly visible light responsive materials. The high efficiency (18.1%) of 
ZIF-8 loaded TiO2 NTs surface exhibited a strong degradation of phenol. The ZIF-8 
loaded TiO2 NTs surface has a potential of serving as an effective photocatalyst for water 
purification. 
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Chapter 8 
 
 
 
 
 
 
 
A new approach of tailoring wetting properties of TiO2 
nanotubular surfaces 
 
 
 
 
 
 
 
 
 
A paper based on the chapter has been submitted to the following journal: Material 
Science and Engineering B 
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8.1 Abstract 
 
TiO2 nanotube layers were grown on a Ti surface by electrochemical anodization. As 
prepared, these layers showed a superhydrophilic wetting behavior. Modified with 
1H,1H,2H,2H-perfluorooctyltriethoxysilane (PTES), the layers showed a 
superhydrophobic behavior. We demonstrate how to change the surface characteristics of 
the TiO2 nanotube layers in order to achieve any desirable degree of hydrophobicity 
between 100o to 170o.  The treated superhydrophobic TiO2 nanotube layers have an 
advanced contact angle exceeding 165o, a receding angle more than 155o and a slide angle 
less than 5o.  It is found that the surface morphology of the film which depends on 
anodization time among other variables, has a great influence on the superhydrophobic 
properties of the surface after PTES treatment. The hydrodynamic properties of the 
surface are discussed in terms of both Cassie and Wenzel mechanisms. The layers are 
characterized with dynamic contact angle measurements, SEM, and XPS analyses.  
Keyword:  TiO2 Nanotubes, Anodization, Contact angle and Superhydrophobic surface 
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8.2 Introduction 
 
Recently, significant progress has been made in improving wettability of 
semiconducting surfaces 1.  Superhydrophobic semiconducting surfaces with water 
contact angle (CA) more than 150o attract much interest due to the many useful 
applications they offer in our daily life.  Among the various superhydrophobic surfaces, 
the surfaces that are made either by TiO2 nanoparticles 2 or nanotubes 3 have controllable 
hydrophobicity leading to many potential applications, such as self-cleaning surfaces 4, 
antibacterial surfaces 5 and sticky tapes 6. 
Superhydrophobic properties of a surface can be controlled by both the chemical 
composition of the surface and surface morphology. Chemical composition can be 
modified by applying low free energy fluoroalkylsilane compounds on the surface 7. A 
rough surface morphology can be created by using many different methods for example: 
plasma etching 8, microwave-plasma enhanced chemical vapor deposition 9, and anodic 
oxidation 10.  
Since titanium is considered as one of the most important materials in many 
industries, the surface engineering of titanium and its alloys is drawing lots of attention. 
Specially, the surface wettability study is one of the main concerns. Large degree of 
stable surface wettability can be achieved by attachment of ordered self-assembled 
monolayers (SAMs) of organic molecules such as flourophosnate and flourosilanes. This 
often is carried out by an attachment of phosphonates or silanes to OH-groups on the 
TiO2 surface 11. Recently, Wang et al.12 reported approaches to engineering titanium 
surfaces with superoleophobicity toward a broad range of oil liquids, based on 
anodization and laser micromachining.  Lai et al designed different types of TiO2 
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nanostructures which can be transformed to superhydrophobic surfaces after treating with 
fluoroalkylsilane. Although, both of these contributions mentioned that the surface 
roughness can be tuned by changing the anodization time, no systematic study has been 
reported in terms of roughness changes with the anodization time and its mechanism. 
In this paper, we describe a simple process of generating super-hydrophobic surfaces 
by self-assembling the fluoroalkylsilane (PTES) compound on different TiO2 surfaces. 
The surfaces formed by three different nanostructures include: nanopore array (NPA), 
nanotube array (NTA) and nanovesuvianite (NVS).  The formation of these vertically 
oriented nano structures is achieved by a simple one-step electrochemical self-assembly 
process. By adjusting the anodization time, the morphology of the surfaces is changed 
from NPA to NTA and then NVS.  A series of superhydrophobic surfaces with both large 
contact angle and small slide angle are achieved. The XRD, XPS, SEM and contact angle 
measurements are used to investigate the mechanism of hydrophobic behavior.    
8.3 Materials and methods 
 
The Ti foil (0.8 mm thickness, 99.6 % purity) and all chemicals were purchased from 
Alfa-Aser (Ward Hill, MA, USA). Prior to anodization, the titanium foil was cleaned by 
using distilled water and acetone. It was then dried off in air, etched in (3.4 M HF and 5M 
HNO3) for 20 s, rinsed with deionized water, dried with air and used immediately.  
The polished Ti foil was anodized in an ethylene glycol solution containing NH4F 
(0.38 wt%) and H2O (1.79 wt%), and placed in a well-insulated bath for several hours at 
30 V and at room temperature using a DC power supply. After the anodization, the 
samples were washed with distilled water and acetone and then dried off with air 13. 
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The electrochemical anodization experiments were performed in a conventional two-
electrode cell. A platinum foil (10mm×20mm) was used as a counter electrode (cathode) 
and a titanium sheet served as the working electrode (anode).  A Ti sheet of size 1 cm × 1 
cm was pressed between a set of O-rings in the Teflon sample holder. The Pt wire was 
located on the back side of the sample as the electrical contact, and then fixed in the 
electrochemical cell with an active anode area of 0.9 cm2 exposed to the electrolyte. 
During processing, the anode and cathode were parallel with a separation distance of 2 
cm. All anodization experiments were performed potentiostatically, under constant 
applied voltage, at room temperature. The electrochemical anodization was carried out by 
using a source meter (Keithley 2602, MetricTest, Hayward, CA, USA) interfaced to a 
computer. The microstructural morphological features of all samples were examined with 
a field emission scanning electron microscope (FE-SEM, Hitachi S-5000, Tokyo, Japan). 
The crystalline phases were recorded by X-ray diffraction using a powder X-ray 
diffractometer (Rigaku RINT 2500, Tokyo, Japan) with Cu Kα radiation (λ= 1.54Å ) at 
40 kV and 50 mA with a scan rate of 0.05 o/s and a scan speed of 1o/min over a 2θ range 
from 20o to 90o.  
The contact angle measurements were performed on the modified TiO2 nanotubes 
surfaces using a model 100 goniometer system (Rame-hart Inc., USA). For all systems, 
the images of the drops were recorded every 10 s, which allowed the drops to adjust their 
shape. The contact angle values were determined with a precision of 0.5o. 
The results in the elemental compositions were determined by X-ray photoelectron 
spectroscopy (XPS, Perkin Elmer,Waltham, MA, USA) and EDXA. The XPS analyses 
were carried out with a Kratos Axis Ultra spectrometer using a monochromatic Al 
K(alpha) source (15mA, 14kV). XPS can detect all elements except hydrogen and helium, 
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probes the surface of the sample to a depth of 5-7 nanometres, and has detection limits 
ranging from 0.1 to 0.5 atomic percent depending on the element. The instrument work 
function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line 
for metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV 
for the Cu 2p3/2 line of metallic copper. The Kratos charge neutralizer system was used 
on all specimens. Survey scan analyses were carried out with an analysis area of 300 x 
700 microns and pass energy of 160 eV. High resolution analyses were carried out with 
an analysis area of 300 x 700 microns and pass energy of 20 eV. Spectra have been 
charge corrected to the main line of the carbon 1s spectrum (adventitious carbon) set to 
284.8 eV. Spectra were analysed using CasaXPS software (version 2.3.14). 
Before surface modification with self-assembled monolayers (SAMs) the samples 
were washed in acetone, ethanol and ultrapure water, each for 10 min, under sonication 
for cleaning purposes. Attachment of fluorine compound to TiO2 nanotubes was achieved 
by soaking the samples for 12 hours in 0.1 g/mL solution of PTES in methanol. The 
samples were then removed, washed with methanol and ultrapure water, and dried at 
140oC for 1 hour 7. Wettability of the different surfaces was characterized by contact 
angle measurements under equilibrium conditions. 
8.4 Results and Discussion 
 
8.4.1 XRD Results  
 
Due to the amorphous nature of as prepared TiO2 NTs, the peaks in Figure 8-1 
belong to the titanium substrate. To form anatase, the as-prepared amorphous porous 
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layers were annealed at 550 oC for 3hours. After annealing the diffraction pattern 
confirmed successful conversion to anatase 13.  
 
Figure 8-1: XRD patterns for TiO2 nanotube surface at 25oC and after annealing for 
3hours at 550oC. 
8.4.2 SEM Results  
 
Figure 8-2 shows the top view SEM image of the typical TiO2 film by anodizing the 
Ti sheet for different duration time from 0.3 hours to 20 hours.  
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Figure 8-2: SEM images of TiO2 nanotube surfaces, tube length and water contact angle 
after different anodization time: a) 0 hour, b) 0.5 hour, c) 1.0 hour, d) 1.5 hour, e) 3.0 
hours, f) 5.0 hours, g) 7.0 hours, h) 20 hours. 
 
The scanning electron images show small papillae hills starting at 5hours anodization 
time.  It shows that the special nanostructure surface comprises of TiO2 nanotubes with 
average thickness ranging from 2.0 μm to 13.4 μm. The highly ordered TiO2 nanotube 
surface was formed after 2.5 hours anodization time.  Subsequently the nanotubes started 
to collapse and the surface became non-uniform NVS surface. However, the thickness of 
the TiO2 nanotubes layer still increased with the anodization time (Figure 8-3). 
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Figure 8-3: The cross-section of TiO2 nanotube surface as a function of the anodization 
time. 
 
Water droplets quickly spread and wet the aligned TiO2 nanotube film due to side 
penetration of the liquid by capillary forces in the special tubular structure, indicating that 
such TiO2 nanotube film is superhydrophilic before treating with PTES. 
8.4.3XPS Results  
 
XPS was used to analyze the composition of the TiO2 surface after fluorination, as 
shown in Figure 8-4. XPS analysis confirmed the presence of the fluorine and carbon on 
the surface of nanotubes (Figure 8-4a).  
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Figure 8-4: XPS results of PTES functionalized TiO2 nanotube surface a) wide-scan 
spectrum b) C 1s spectrum c) F 1s spectrum d) Ti 2p spectrum 
 
The broad C 1s peaks ranging from 280 to 300 eV in the XP spectra are contributed 
by several types of functional groups that have different binding energies.  
In order to alter the surface properties, PFTS molecules were attached to the TiO2 
surface. All different components and their binding energies are shown in Figure 4a.  The 
binding energy of C1s peaks can be distinguished (Fig. 8-5b) as CF3 at 294.7 eV, CF2-
CF2-CH2 at 292.1 eV, CF2-CF2-CH2 at 289.2 eV, and C–C at 285.6 eV 14. The three F1 
peaks (Figure 4c) represent CF3 (691.1 eV), CF2-CF2 (690.3 eV) and CH2-CF (686.5 eV), 
respectively. An increase of about 2 eV of Ti 2p to high binding energy indicates TiO2 
has been besieged by high electronegative [CFn] compounds (Figure 8-4d). Interestingly, 
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the fluorine content increases up to 5 hours anodization time (57.5%) and then slightly 
decrease to 57.0% (Figure 8-5).  
 
Figure 8-5: Fluorine content of super hydrophobic TiO2 nanotube surfaces versus 
different annealing times 
 
However, 5 h anodization time is not the optimum level in terms of 
superhydrophibicity due to the small receding angle as well as higher slide angle (Figure 
8-6). The fluorine content does not change after 7 hours. It reveals that the surface 
properties remain the same after 7 hours which was also proven by contact angle 
measurements (Figure 8-6).  
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Figure 8-6: Water contact angles measured of the TiO2 nanotube surface after 
modification with PTES advancing (circles), static (squares), receding (triangles) and 
slide (black squares) water contact angles are plotted as a function of the anodization  
time of Ti foil in ethylene glycol solution 
 
For example, the advanced, receding and slide angles were almost the same after 7 hours. 
The superhydrophobic surface started to form after 7 hours anodization time. Therefore, 7 
hours anodization time appears to be enough to make superhydrophobic surface. 
8.4.4 Contact angle    
 
Contact angle measurement is one of the most important indicators of surface 
properties. The contact angle of flat surfaces can be determined by three-face-free energy 
interfaces by Young’s equations 15 
Cos θ = (γSV − γSL)/γLV     (8-1) 
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where γSL, γSV and γLV are the solid/liquid, solid/vapor and liquid/vapor surface tensions,  
respectively. For a none-flat surface the modified version of Young’s equation is 
Wenzel’s equation 16 in the form of: 
Cos θw = r Cos θ         (8-2) 
where the roughness factor, r > 1, is defined as the ratio of the actual area of the rough 
surface to the geometric projected area. The contact angles of a rough and a smooth 
surface are represented by θw and θ, respectively. It is proven that after a certain critical 
value of r, the contact angle continues to increase while hysteresis starts to decrease 17 due 
to the surface transfer from Wenzel to Cassie-Baxter regime. The hysteresis is defined in 
terms of the difference of the advancing (θa) and receding (θr) angles (i.e., θH = θa - θr).  
However, in the case of highly ordered and uniform TiO2 nanotube arrays (NTA), the 
water droplets rest on the TiO2 NTA surface. There is a top flat solid surface and a flat air 
gap between the TiO2 NTs (Figure 8-7(a)).  
 
 
Figure 8-7: Wetting states of TiO2 layers: (a) Wenzer (b) Cassie-Baxter (c) Combined 
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This phenomenon can be described by Cassie-Baxter equation 18. 
Cos θw = φs Cos θ + (1- φs) Cos θx    (8-3) 
where, φs< 1 is the fraction of the top solid surface of the protrusions, and (1-φs) is the 
fraction of the air gaps.  θx is the contact angle on the gas in the gaps which is about 180o. 
Therefore, equation (8-3) can be simplified to equation (8-4).  Although, the contact angle 
increases with the increase of anodization time according to Cassie-Baxter regime, the 
slide angle of the surface can remain high (Figure 8-7(b)).  
Cos θw = -1 + φs (Cos θ +1)     (8-4) 
The contact surface area decreases and the flat air gaps increase along with increasing 
of the anodization time; therefore, the net result is an increase in the contact angle. 
However, after certain period of time the TiO2 NTAs are no more capable of vertical 
growth and they collapse. Therefore, the surface is not uniform.  The two equations can 
be combined to give a more general equation (8-5) that can be applied to non-flat 
contacting areas 19 (Figure 8-7(c)). 
Cos θw = -1 + φs (r Cos θ + 1)     (8-5) 
Therefore, in titanium nanostructures, the surface adhesive forces can be tuned effectively 
by changing the interactions at nanoscale between the solid surface and the air-pocket 
ratio. In the cases of nanopore array (NPA) and nanotube array (NTA), capillary adhesive 
forces play a dominant role, while nano vesuvianite structure (NVS) has extremely low 
adhesion capacity for water. This indicates that the roughness factor ‘r’ reaches the 
critical value during the surface transfer from NPA to NTA. Over all, the NVS surface 
satisfied all requirements of being a superhydrophobic surface such as high water contact 
angle, small slide angle and small hysteresis.       
165 
 
 
 
Water rapidly spreads and wets the as-anodized TiO2 porous film without PTES 
modification due to side penetration of the liquid by capillary forces.  Under these 
conditions the water contact angle is close to 0o (superhydrophilic). However, the surface 
can be modified with organic monolayers using functional groups such as carboxylates, 
phosphates, or silanes to obtain a superhydrophobic surface.   To make the top part of the 
tubes superhydrophobic, PTES was grafted to the outer tube layer after the anodization 
step. As shown in Figure 6, the surface wettability with PTES monolayer grafting 
changes from superhydrophilic to superhydrophobic with a contact angle θ =165o.   
The droplets with spherical shapes slide spontaneously and hardly come to rest even 
when they are placed gently onto the PTES modified TiO2 surface. The water contact 
angle on such a TiO2 porous film was as high as 160° (Figure 8-6), while that of a regular 
superhydrophilic flat TiO2 surface modified by PTES was around 115° (Figure 8-6).  This 
is in good agreement with the results of coating fluorocarbon hydrophobic layers on 
smooth surfaces by self-assembly.  
Seven different TiO2 NTs samples were prepared. Each sample was anodized with 
different anodization time (0, 30, 60, 90, 180, 300, 420, and 1200 min) and then 
fluorinated. The advancing angle (θA), static angle (θS) receding angle (θR) and slide 
angle (θslide) were all measured at each point. As the anodization time increased, θA and 
θS both increased, while θR decreased slightly for the first 90 min, and then increased. 
The slide angle (θslide), however, displayed a much different pattern. At time zero 
(original titanium surface) θslide was approximately 83o. At 30 min, θslide reached to the 
maximum point and it remained at the maximum until 180 min of anodization. θslide then 
decreased for the remainder of the experiment.   
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These results indicate that at the beginning, the PTES modified surface was in 
Wenzer regime, after one hour annealing, the surface reached Cassie-Baxter and had a 
high contact angle and a high slide angle. Finally, after 7 hours of annealing the surface 
demonstrated high contact angle but low slide angle. The surface becomes 
suprahydrophobic when it is in combined regime.    
8.5 Conclusions  
 
By using a facile electrochemical oxidation mechanism any degree of wettability of a 
TiO2 surface i.e. a contact angle between 100o and 170 ͦ  can be obtained by two steps, 
which are anodization and modification with PTES. It reveals that the superhydrophobic 
surfaces can be achieved after 7 hours of anodization in the ethylene glycol based 
electrolyte applying the following experimental conditions: 2cm separation distance 
between anode and cathode, under constant voltage of 30V at room temperature followed 
by PTES treatment. The results provide new insights vary the wettability of 
superhydrophobic surfaces. These types of materials may have potential applications in 
coating and gene delivery 19.  
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9.1 Fabrication of highly ordered TiO2 nanotubes  
The investigation of fabricating well-ordered, reproducible and economical TiO2 
nanotubes is the primary and important prerequisite for large scale production of TiO2 
nanotubes. In this thesis, at first, the sonication-assisted fabrication process was 
investigated in detail and then titanium metal was used as a cathode to replace expensive 
platinum. The method included 1) Finding proper annealing time so that the TiO2 
nanotubes layer will not fall off from the surface after sonication, 2) characterization 
using SEM and XRD. 
9.1.1 Conclusions 
The present work was accomplished by two steps. In the step one, we were able to 
form highly ordered TiO2 nanostructures by anodizing Ti foil in NH4F electrolytes. The 
wall thickness and tube diameter as well as tube length were ranging from 10 nm to 25 
nm, 60 nm to 100 nm and 5μm to 7μm respectively after sonication. The as prepared Ti 
surface has two layers: the top layer is TiO2 nanowire and underneath is a highly ordered 
TiO2 nanotubes array. The top layer can be completely removed by annealing and a mild 
sonication process to expose the highly ordered nanotube layer. The length of the retained 
uniform and highly ordered nanotubes is independent of the treatment time. The 
dimensions of the retained TiO2 nanotubes can be well controlled. The process may be 
extended to other nanotubes preparation. In the second steps, we have used Ti as a 
cathode material during the electrochemical fabrication of TiO2 nanotube arrays in 
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non-aqueous electrolytes. Ti showed promising results to replace the conventionally used 
and comparatively expensive Pt cathode.  In terms of photo conversion efficiency, the 
highest PCE was achieved using Ti-cathode. Ti showed excellent stability in the EG 
electrolytes. The structure, morphology, and photoelectrochemical properties were studied 
in comparison to the nanotube arrays fabricated under different conditions such as: 
applied potential (20 V – 40 V) and distance between two electrodes (1 cm to 3 cm) with 
the same anodization time of 3 h. We show that highly ordered and strong photochemical 
responsive TiO2 nanotubes can be fabricated simply by changing the distance between 
two electrodes and applied potential during the anodization. The highest PCE observed 
was 29% which is one of the highest PCE reported so far. This work not only opens a new 
way to engineer titanium dioxide nanostructures but also offers a big step towards 
producing cheap TiO2 nanotubes in large area. 
9.1.2 Limitations 
• Although, the samples are reproducible, it is always difficult to get identical results 
due to the sensitivity of nanostructure to the tiny changes in the experimental 
conditions. 
• Since nano level polishing of the surface is almost impossible, the various level of 
polishing will make a big difference on the surface morphology of the titanium 
plates. 
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9.1.3 Further Work  
• A thorough study should be conducted to investigate the large area fabrication of 
TiO2 nanotubes 
• Fabrication of TiO2 nanotubes on various shape titanium surfaces can be 
investigated.  
• A more comprehensive investigation is required to study the fabrication mechanism. 
9.2 Modification of highly ordered TiO2 nanotubes 
Development of an efficient process to increase the visible light response of TiO2 
nanotubes relies on the modifications either by doping other elements such as N, C, S, Fe, 
and Cr or loading various nano-composites on the surface of TiO2 nanotubes. In the thesis, 
we examined two different types of doping such as solution doping and gas phase doping. 
In the solution doping, we dissolved K3Fe(CN)6 in the electrolyte solution and use that 
solution to fabricate Fe-C-N codoped TiO2 nanotubes. In case of gas phase doping, we 
annealed as prepared TiO2 nanotubes under nitrogen. The results were evaluated by 
measuring PCE and the maximum PCE was estimated by DOE study. In the other study, 
we loaded ZIF-8 on the surface and the photo-degradation efficiencies were measure after 
certain time frame. The results were characterized by SEM, EDX, XRD, UV-vis and XPS.         
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9.2.1 Conclusions 
9.2.1.1 Fe-C-N codoped TiO2 nanotubes 
A new and simple modified anodization method was utilized to fabricate Fe–N–C 
doped and highly ordered TiO2 nanotubes array which exhibits the maximum 
photo-conversion efficiency of around 2.7% in 1 M KOH. The enhancement of 
photo-activity can be attributed to not only the accessible surface area of TiO2 nanotubes 
but also to lower band gap (E = 2.7 eV) created by the addition of Fe, N and C into the 
TiO2 nanotube lattice during the anodization process.  
9.2.1.2 PCE optimization of N-doped TiO2 nanotubes 
We prepared N2 doped, highly smooth and ordered TiO2 NTs by two-step process 
and then annealed under N2 atmosphere. The photo-electrochemical water splitting 
efficiencies (PCE) of the N2 doped TiO2 nanotubes under visible light were measured and 
used as the response for DOE optimization. The PCE was optimized with respect to 
annealing temperature, heating rate and annealing time. The optimal result was validated 
by performing real experiments using the formulation obtained from the statistical 
optimization and the average optimal PCE obtained was 7.42%, which is within 95% 
confidence interval of the modeling result (7.26%). 
9.2.1.3 Pt/ZIF-8-loaded TiO2 nanotube composite  
We have demonstrated a potential photo-catalysis for water purification by using 
Pt/ZIF-8 loaded TiO2 NTs. The unique architecture was achieved in situ growth of the 
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microporous ZIF-8 nano crystallites on the surface of TiO2 NTs and then coating by Pt 
nanoparticles. The combination of large surface area and strong adsorbent properties of 
ZIF-8 with reducing charge recombination property of Pt/TiO2 NTs, produced highly 
visible light responsive material. The phenol degradation efficiency of Pt/ZIF-8 loaded 
TiO2 NTs photo catalysts after 2 h of irradiation under visible light was 18.6%. 
9.2.2 Limitations 
• The solution doping of Fe-C-N should be studied systematically in order to obtain 
optimized efficiency. The quantities of Fe inside lattice requires stronger 
verification because EDX only showed that there was Fe in the material but it did 
not say how much was it and whether it was inside lattice.  
• Determining the actual amounts of nitrogen inside the lattice was difficult due to 
the similar binding energy of surface absorbed nitrogen to doped nitrogen.  
• The relationship between band gap and PCE should be studied in more detail. 
• Stability of Pt/ZIF-8 loaded TiO2 nanotube composite after reaction is 
questionable.  
9.2.3 Future work 
• The Fe-C-N co-doping can be optimized by changing the voltage, concentration of 
K3Fe3(CN)6 and even the electrolyte in order to obtain the highest PCE. 
• The optimized condition may applicable to the N-doping of TiO2 nanoparticles as 
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well as larger area of TiO2 nanotubes. The N-doped materials can be used as 
photo-catalysis for water purification.   
• Different metal organic frame works (MOF) with the surface area larger than 
ZIF-8 can be replaced ZIF-8 which may results better catalytic response. 
9.3 Application of TiO2 nanotubes 
TiO2 nanotube arrays have been found to possess outstanding charge transport and 
carrier lifetime properties enabling a variety of advanced applications, including their use 
in sensors, dye sensitized solar cells, hydrogen generation by water photo-electrolysis, 
photocatalytic reduction of CO2 under outdoor sunlight, and super-capacitors. In this part 
of the thesis, a novel method was developed for changing surface wettability of TiO2 
nanotube surface using two-step process including anodization and solution based 
self-assembly.  
9.3.1 Conclusions 
We used a facile electrochemical oxidation mechanism to obtain superhydrophobic 
surface just by simply changing the anodization time followed by functionalization of 
fluorine compound.  Surface wettability of a TiO2 surface i.e. a contact angle between 
100o and 170o can be obtained by this process, It reveals that the superhydrophobic 
surfaces can be achieved after 7 hours of anodization in the ethylene glycol based 
electrolyte applying the following experimental conditions: 2cm separation distance 
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between anode and cathode, under constant voltage of 30V at room temperature followed 
by PTES treatment. The results provide new insights of changing the wettability of 
superhydrophobic surfaces.  
9.3.2 Limitations 
• The super-hydrophobicity of the TiO2 nanotubes based surface is not uniform. The 
contact angle of different parts of the surface may vary a little bit which may be due 
to the not consistence surface roughness. 
• The superhydrophobic surfaces are very diligent and can be destroyed easily by 
gentle scratching. 
9.3.3 Future works   
• This kind of process can be extending to larger surface areas and various types of 
surfaces. 
• The superhydrophobic TiO2 nanotube surface may have potential applications of 
corrosion protection of Ti based materials such as tubes and rods.  
• Other applications such as solar cell, hydrogen generation and sensor should be 
investigated.    
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Appendix A for Chapter 3 
 
 
Figure A-1: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 3 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) lower magnification of top view of annealed and sonicated sample 
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Figure A-2: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 5 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) lower magnification of top view of annealed and sonicated sample 
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Figure A-3: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 6 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) lower magnification of top view of annealed and sonicated sample 
 
 
 
 
 
 
 
 
 
181 
 
 
 
 
 
Figure A-4: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 7 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) lower magnification of top view of annealed and sonicated sample 
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Figure A-5: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 13 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) Lower magnification of top view of annealed and sonicated sample 
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Figure A-6: FE SEM images of the surfaces of Ti samples anodized in glycerol - 5% 
water - 3% NH4F solution at 30V at 20 hrs. (a) top view of as-prepared, (b) cross-section 
of as-prepared, (c) top view of annealed and sonicated, (d) cross-section of annealed and 
sonicated, and (e) lower magnification of top view of annealed and sonicated sample 
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Appendix B for Chapter 4 
 
 
 
Figure B-1: SEM images of TiO2 nanotubes fabricated under condition of 1cm between 
cathode and anode, 20 V constant voltage and 3 h anodization time.  (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section. 
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Figure B-2: SEM images of TiO2 nanotubes fabricated under condition of 1cm between 
cathode and anode, 30 V constant voltage and 3 h anodization time.  (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section. 
 
 
 
 
Figure B-3: SEM images of TiO2 nanotubes fabricated under condition of 1cm between 
cathode and anode, 40 V constant voltage and 3 h anodization time.  (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section. 
 
186 
 
 
Figure B-4: SEM images of TiO2 nanotubes fabricated under condition of 2cm between 
cathode and anode, 20 V constant voltage and 3 h anodization time (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section. 
 
 
 
Figure B-5: SEM images of TiO2 nanotubes fabricated under condition of 2cm between 
cathode and anode, 30 V constant voltage and 3 h anodization time.  (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section. 
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Figure B-6: SEM images of TiO2 nanotubes fabricated under condition of 2cm between 
cathode and anode, 40 V constant voltage and 3 h anodization time (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section 
 
 
 
Figure B-7: SEM images of TiO2 nanotubes fabricated under condition of 3cm between 
cathode and anode, 20 V constant voltage and 3 h anodization time (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section 
 
188 
 
 
Figure B-8: SEM images of TiO2 nanotubes fabricated under condition of 3cm between 
cathode and anode, 30 V constant voltage and 3 h anodization time (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section 
 
 
 
 
 
 
 
Figure B-9: SEM images of TiO2 nanotubes fabricated under condition of 3cm between 
cathode and anode, 40 V constant voltage and 3 h anodization time (a) top view of lower 
magnitude image (b) top view of higher magnitude image (c) cross-section 
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Appendix C for chapter 6  
 
 
Figure C-1: UV-vis of sample 2 
 
Figure C-2: UV-vis of sample 3 
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Figure C-3: UV-vis of sample 4 
 
 
Figure C-4: UV-vis of sample 5 
 
191 
 
 
Figure C-5: UV-vis of sample 6 
 
 
Figure C-6: UV-vis of sample 7 
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Figure C-7: UV-vis of sample 8 
 
 
Figure C-8: UV-vis of sample 9 
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Figure C-9: UV-vis of sample 10 
 
Figure C-10: UV-vis of sample 11 
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Figure C-11: UV-vis of sample 12 
  
 
 
Figure C-12: UV-vis of sample 13 
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Figure C-13: UV-vis of sample 14 
 
 
Figure C-14: UV-vis of sample 15 
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Figure C15: UV-vis of sample 16 
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Appendix D for chapter 7 
 
Synthesis of ZIF-8: 
 [Zn(mim)2-x(Hmim)x] + (2-x) H+ + 2 NO3-Zn(NO3)2 + 2 Hmim
MeOH, RT
 
Figure D-1: Synthesis of ZIF-8 Nanocrystals Capped with Neutral 2-
Methylimidazole   
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Schematic illustration of catalytic setup:  
 
 
Figure D-2: Cross section of the set-up used for photocatalytic tests: (1) Solar simulator; 
(2)  Black box; (3) Reactor ; (4) Sample holder; (5) Stirrer bar; (6) Sample  
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SEM micrographs of the TiO2 NT samples: 
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Figure D-3: SEM micrographs of TiO2 NTsamples: (a) Cross-section of unloaded TiO2 
NTs, (b) top view of unloaded TiO2 NTs at larger magnitude, (c) pore size and wall 
thickness of unloaded TiO2 NTs, (d) Pt/ZIF-8 loaded TiO2 NTs, (e) Pt loaded TiO2 NTs 
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EDX results: 
 
 
Figure D-4: EDX results of Pt loaded TiO2 NTs 
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Calibration curve  
 
 
Figure D-5: Calibration curve for phenol 
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Band gap calculation:  
1) Wavelength ( λ ) was converted into Energy (E) according to equation (1) 
E= hν =                                   (1) 
Where, h is Planck`s constant (6.626 ×10-34 J.s), C is speed of light (3.0 ×108 m.s-1) 
and λ is wavelength of light.  
2) F(R) vs λ was measured by UV-vis 
3) Band gap measurement curve was made by   vs.  E 
ZIF-8 loading calculation: 
The chemical composition of ZIF-8 is Zn (mIm)2 (i.e. Zn(2-methylimidazole)2) with 
molecular mass of 227.6 g.mol-1 .Each molecular unit contains one Zn (65.4 g.mol-1). 
According to EDX results, the Zn concentration was 5.2%, therefore the ZIF-8 loading 
can be calculated as following:  
 
ZIF-8% = (227.6/65.4)×5.2% = 18.1% 
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